The University of Southern Mississippi

The Aquila Digital Community
Master's Theses
Spring 5-2014

Three-Dimensional Reconstruction of Marine Clay Nano- and
Microstructure By Transmission Electron Microscopy: Analysis of
Fabric and Pore Network
Jessica Rae Gardner Douglas
University of Southern Mississippi

Follow this and additional works at: https://aquila.usm.edu/masters_theses
Part of the Biology Commons, and the Sedimentology Commons

Recommended Citation
Douglas, Jessica Rae Gardner, "Three-Dimensional Reconstruction of Marine Clay Nano- and
Microstructure By Transmission Electron Microscopy: Analysis of Fabric and Pore Network" (2014).
Master's Theses. 7.
https://aquila.usm.edu/masters_theses/7

This Masters Thesis is brought to you for free and open access by The Aquila Digital Community. It has been
accepted for inclusion in Master's Theses by an authorized administrator of The Aquila Digital Community. For
more information, please contact Joshua.Cromwell@usm.edu.

The University of Southern Mississippi
THREE-DIMENSIONAL RECONSTRUCTION OF MARINE CLAY
NANO- AND MICROSTRUCTURE BY TRANSMISSION ELECTRON
MICROSCOPY: ANALYSES OF FABRIC AND PORE NETWORK

by
Jessica Rae Gardner Douglas

A Thesis
Submitted to the Graduate School
of The University of Southern Mississippi
in Partial Fulfillment of the Requirements
for the Degree of Master of Science

Approved:

Kenneth J. Curry
Director

Richard H. Bennett

Franklin T. Heitmuller

Maureen A. Ryan
Dean of the Graduate School

May 2014

ABSTRACT
THREE-DIMENSIONAL RECONSTRUCTION OF MARINE CLAY
NANO- AND MICROSTRUCTURE BY TRANSMISSION ELECTRON
MICROSCOPY: ANALYSES OF FABRIC AND PORE NETWORK
by Jessica Rae Gardner Douglas
May 2014
Three-dimensional reconstructions of marine fine-grained sediment open a new
dimension for studying nano- and microscale organo-clay fabric important to improving
and advancing organic matter (OM) sequestration and fluid flow dynamics modeling. I
created 3-D reconstructions of clay fabric and pore pathways from serial sections and
photographic mosaics obtained using transmission electron microscopy. These
reconstructions show aggregations of clay domains, surrounding OM, and pore networks.
I examined a Model sample (laboratory consolidated) with 1% OM and a Natural sample
(polychaete fecal pellet) with high levels of OM. Three-dimensional reconstructions
were segmented into 300 nm cube subsamples to make highly localized qualitative
observations and quantitative measurements of porosity, particle and pore orientation and
volume, and pore network tortuosity.
Flow pathway spreadsheet maps were created based on pore size and orientation.
This technique allows tortuosity to be calculated for 3-D reconstructions while restricting
porosity to a minimum boundary condition prior to determining tortuous pathways.
Measurements of 2-D photographs and 3-D reconstructions using the same serial
photographs showed that pathlengths measured for tortuosity were for the most part
statistically similar. The range of porosities and the number of pathways through which
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flow could pass through the sample are significantly higher in 3-D analyses. Thus,
measurements made from 2-D sediment pathway studies provide limited information,
omitting a significant number of diffusion and flow pathways that cannot be resolved in
two dimensions.
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CHAPTER I
INTRODUCTION
The 3-D reconstruction and analysis of nano- and microscale organo-clay fabric
provides new and revealing volumetric images and qualitative and quantitative data
revealing complex pore fluid pathways characteristic of clay mineral-rich marine
sediment. This research provides an important underpinning for future, in-depth,
research investigations dealing with fine-grain marine and terrestrial sediment
properties, including but not limited to, permeability, diffusion, organic matter (OM)
and carbon sequestration, a large number of important aspects of the stress-strain
behavior during loading (uniaxial and triaxial), and the mass physical and mechanical
properties of deposits rich in OM and clay minerals. Direct observation of organo-clay
micro- and nanofabric by transmission electron microscopy (TEM) techniques
developed and discussed here can be further extended in the study of OM preservation
dynamics in marine fine-grain sediments and terrestrial soils and can provide critical
constraints for global scale sediment carbon cycling models (Bennett et al. 2012a and b).
Furthermore, general nano- and microscale 3-D reconstruction techniques can be used
for a wide variety of applications to advance research in areas such as geology, biology,
medical science, materials science, geotechnical engineering, and petroleum
engineering, to name a few.
Literature Review
Pre-Electron Microscope: Historical Concepts of Clay Fabric
Clay fabric (spatial distribution, orientation, and particle-to-particle relations of
clay minerals) has been of scientific and engineering interest for over a century (Bennett
and Hulbert, 1986). Sorby (1908) drew attention to the importance of understanding
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clay particle arrangements and the processes that fine-grained muds undergo during
sedimentation. 1 The origin of referring to clay sediment as fabric, as a way to describe
the arrangement of clay particles, dates back to Ehrenberg (1918). Prior to 1923, clays
were mostly thought to be amorphous (Hadding, 1923). Before electron microscopy was
applied to clay studies, scientists implemented techniques such as chemical analyses,
optical microscopy, and X-ray powder diffraction to get the most information achievable
at the time (Ross and Shannon, 1925; Ross and Kerr, 1930, 1931). X-ray powder
diffraction analysis on clays helped determine that clay was indeed crystalline, even the
finest fractions (Hadding, 1923; Rinne, 1924; Hendricks and Fry, 1930).
Scientists developed various models of clay fabric to explain the physical and
mechanical properties of fine-grained clay-rich sediments. Two prominent early models
were the Terzaghi-Casagrande (Terzaghi, 1925; Casagrande, 1932) single-plate (single
mineral) honeycomb structure (Figure 1a) and the Goldschmidt-Lambe (Goldschmidt,
1926; Lambe, 1953) single-plate cardhouse structure (Figure 1b), both of which deal with
the adhesion (cohesion) of single particles in arrangements that account for clay’s highly
porous construction (Bennett and Hulbert, 1986). The Terzaghi-Casagrande honeycomb
structure described single plates with edge-to-edge contacts held together by adhesion.
The Goldschmidt-Lambe Cardhouse structure better explained cohesion than the
honeycomb structure by suggesting not only a dominance of edge-to-edge particle
contacts but also edge-to-face particle contacts which accounted for clay fabric porosity
and cohesion at the nano- and microscale (Bennett and Hulbert, 1986).
"Possibly many may think that the deposition and consolidation of fine-grained mud must be a very simple
matter, and the results of little interest. However, when carefully studied experimentally it is soon found to be so
complex a question, and the results dependent on so many variable conditions, that one might feel inclined to
abandon the inquiry, were it not that so much of the history of our rocks appears to be written in this language."
Henry Clifton Sorby, 1908
1
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Figure 1. Early clay mircostructure models. (a) The Terzaghi-Casagrande honeycomb
structure described single particles with edge-to-edge contacts. (b) The GoldschmidtLambe card-house structure described single particles with both edge-to-edge and edgeto-face contacts. (“Clay Microstructure” by Richard H. Bennett and Matthew H. Hulbert.
1986. International Human Resources Development Corporation Press, Boston, MA.
Adapted with permission of the author.)

Post Electron Microscope: 1950s to Present
Early modelers of clay structure developed fabric models on a nano- and
microscale without ever visualizing clay particles, yet they came up with renderings that
are not greatly different from what can be visualized using TEM, the main contrast being
that clay particles are in the form of multi-plate particles (domains) rather than singleplate particle fabric (Moon, 1972; Bennett and Hulbert, 1986). Among the first to look at
clay particles with an electron microscope were Eitel (1939) and Hast (1947) who looked
at the shape and size of clay particles with TEM. Rosenqvist (1959) was one of the first
researchers to look specifically at the structure of clay fabric using TEM.
Representations of what clay was believed to look like in three dimensions were
presented by Tan (1957, 1959), who illustrated a “clay-network” composed of contacts
between “the edges and the plane surfaces” of particles.
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Clay fabric models evolved with concepts that increasingly coupled function with
structure based upon two-dimensional TEM images (Bennett et al. 1977; Bennett et al.
1981). Especially important to the understanding of clay fabric morphology was the
visualization of multi-plate particles, called domains, rather than the previously
hypothesized concepts of single-plate particles (Alymore and Quirk, 1960). Direct
visualization of clay on a micrometer scale led to higher resolution detail of these clay
domains and their structural arrangements into aggregates (Rosenqvist, 1959; Bennett
and Bryant, 1973; Bennett and Hulbert, 1986).
Today’s researchers use modern laboratory, field technology, and computer
software capabilities to extend and expand what is known about geological materials at a
wide range of scales. These studies address contiguous structures, stratigraphic
sequences, and the nature of the sedimentary deposits with approaches that sometimes
gesture at or bridge the technology between 2-D and 3-D analyses. Examples of 3-D
reconstruction techniques applied to sediment research are seismic reflection profiling
(meter and hundreds of meters scale), 3-D laser scanning (such as LiDAR; meter and
hundreds of meters scale), X-ray computed tomography (CT) scanning (mm and sub-mm
scales)(Al-Raoush and Willson, 2005), backscattered scanning electron microscope
(SEM) imaging ( micro- and nanometer scale) (Solymar and Fabricius, 1999), focused
ion beam imaging (FIB), and focused ion beam nanotomography (FIB-nt) (micro- and
nanometer scale) (Pierret et al. 2002; Holzer et al. 2004; Keller et al. 2011).
Three-dimensional reconstruction of nano- and microscale organo-clay fabric has
not been previously attempted using TEM techniques. Technological advances in
computer capabilities and computer software are providing three-dimensional image

5
analysis of clay fabric at nano- and microscales. Historically, fabric analysis using 2-D
representations addressed physical properties such as porosity, void ratio, particle size
distribution, particle shape, particle orientation, and fabric signatures (Bennett et al. 1977,
1989, 1991). Important nano-scale properties such as 3-D particle and 3-D void
orientation and tortuosity have remained elusive other than limited information from CT,
SEM, and FIB analyses.
Mineralogy and Formation of Clay
Clay minerals are classified as hydrous alumino-silicates with an internal
crystalline structure (Grim, 1968). The basic structural elements of clays are silicatetrahedral layers and alumina-octahedral layers. Some clays, such as kaolinite, are
referred to as 1:1 clays because they comprise one tetrahedral layer and one octahedral
layer. Other clays, such as smectite, illite, and chlorite, are considered 2:1 clays and
comprise one octahedral layer between two tetrahedral layers, and each 2:1 stack may
have interlayer ions such as Na, K, and Mg. The most common clay minerals in muddy
marine sediments are smectite and illite which often have mixed layers and are usually
the major fine-grained particles present in siliciclastic sediments. (Bennett and Hulbert,
1986).
The development of marine clay sediment begins with the weathering of parent
rock, followed by fluvial and/or aeolian transport and settling of the clay nano- and
micro-particles and often silt sized particles in the water column of a marine
environment. Physicochemical interactions of clay surfaces and the electrolytic fluid
surrounding those surfaces leads to the flocculation of clay particles (Grim, 1968;
Mitchell, 1976; Bennett and Hulbert, 1986; Bennett et al. 1991). Clay particles flocculate
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rapidly as a function of particle concentration per unit volume and salinity at
approximately ≥ 20% of normal salinity (<35 ‰) (Bennett and Hulbert, 1986). The salt
ions hydrate, become polar, and are attracted to the positive and negative charge(s) on the
clay particle which are produced by isomorphous substitution within clay’s crystal lattice
(Grim, 1968). Polar, hydrated ions in solution surround the charged clay particles. As
salinity increases, the double layer of charges (around clay particles) compresses, thus
driving two or more particles to flocculate, often under the influence of additional
mechanisms such as electro- and thermokinetic energy which can push the particles over
the potential energy repulsion field and allow particle flocculation (Bennett and Hulbert,
1986; Bennett et al. 1991; Curry et al. 2009).
Clay surfaces thus formed have a predominantly net negative charge while edges
of clay particles have a net positive charge (Bennett et al., 1977). Charged
particles/entities approaching a clay surface will experience the potential energy fields of
adjoining clay particles and interact at the contact point, forming a deep energy well
(Bennett and Hulbert, 1986). Potential energy fields can also be found on clay surfaces,
though not as strong as those found at particle contacts (Bennett et al., 2012a). Organic
matter (OM) is attracted to and held in these deep energy wells. Clay fabric energy fields
and the interaction of clay surfaces with OM and charged ions are explained in more
detail and with deep energy field diagrams in Bennett and Hulbert (1986) and Bennett et
al. (2012a and b).
Clay layers stack in a face-to-face arrangement to form multi-layered unit cells
(Moon, 1972). When these unit cells reach a finite number that can be identified as a
clay mineral when using x-ray diffraction (XRD) and selected area diffraction (SAD),
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they are the building blocks of clay fabric (Moon, 1972) (Figure 2a). Clay minerals are
composed of approximately 8 to 12 or more layers depending on the type of clay (Chiou,
2010). Thus, clay mineral unit cells bond face-to-face forming clay particles referred to
as domains (Figure 2b).
Due to the plate-like nature of clay and the physicochemical interactions of clay
surfaces (faces and edges), domains come together in three types of structural
arrangements: edge-to-edge, edge-to-face, or stepped face-to-face defined as fabric
signatures (Figures 2c and 3). Signature arrangements have also been referred to as
“bookhouse” (Sloane and Kell, 1966), “card-house” (Goldschmidt, 1926; Lambe, 1953;
Ingles, 1968), and “stepped face-to-face” (Smalley and Cabrera, 1969) particle
arrangements. These arrangements essentially function as clay “particles”, and the
manner in which they are arranged affects sediment properties such as porosity and pore
network tortuosity. For example, clay sediments with more edge-to-face signatures
(arrangements) have higher porosity than sediments of predominantly face-to-face or
edge-to-edge arrangements because the edge-to-face arrangements have less solids per
unit volume.
Figure 2d displays a variety of domain signatures assembled into aggregates that
range in size from nanometers to micrometers (Bennett and Hulbert, 1986; Bennett et al.,
1991; Curry et al., 2009). Clay particles that assemble into aggregates are highly
interconnected, as are the voids within aggregates. An aggregate itself, however, is
appropriately a vague notion in terms of unique identification within a sediment mass
because the particle/OM network is fully interconnected and sometimes presents no
distinguishing “boundaries” between aggregates.
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Figure 2. Clay nano- and microstructure. (A) 2:1 (Tetrahedral:Octahedral) clay layers
stacked in a face-to-face arrangement (B) layers stacked and forming domains (C)
domains aligned together edge-to-edge, edge-to-face, and stepped face-to-face to define
fabric signatures. (D) a variety of domain signature arrangements assembled into an
aggregate.

Figure 3. Transmission electron micrographs of domain signature arrangements. (A)
edge-to-edge chain of domains (B) edge-to-face arrangement (C) Stepped face-to-face
domain arrangement.
Consolidation
As clay domains flocculate, aggregates and other silt and clay particles, often
organo-clay particles, settle on the seafloor. The sediment begins to consolidate and
gradually adds to the thickness of the marine sediment deposit. Surficial marine clay
deposits (which are the focus of this research) exhibit high porosity with randomly
arranged domains which are slowly reorganized with burial depth by overburden pressure
to lower porosity domain arrangements (signatures) in which the domains become more
or less preferentially aligned in this consolidation process (Figure 4). Depositional
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environment, rate of deposition, and OM concentration and type, as well as other
conditions and mechanisms affect the consolidation rate of clay sediments. Natural
consolidation of marine sediment alters the clay fabric and therefore the fabric properties
such as water content, particle orientation, wet bulk density, porosity, fluid flow rate, and
OM trapping and protection, all of which play important roles in future shale and
protokerogen development (Bennett et al. 2004).
Clay Aggregate

High Porosity
Random Orientation

Organic Matter

Pore Space

Burial and Consolidation

Low Porosity
Preferred Orientation
Figure 4. Clay fabric consolidation . Clay fabric models developed from direct
transmission electron microscope observations of smectite-illite rich high-porosity marine
sediment with organic matter attached to clay domains at various points of contact during
flocculation and deposition. (A) depicts fabric with high porosity and randomly arranged
domains. (B), (C), and (D) depict a loss of porosity as orientation becomes preferred with
burial depth. (“Clay fabric and geotechnical properties of selected submarine sediment
cores from the Mississippi Delta.” by Richard H. Bennett and Matthew H. Hulbert. 1977.
NOAA Professional Paper No. 9. Redrawn with permission of the author.)
Organic Matter and Clay Fabric
Organic matter is trapped on clay surfaces during clay sediment transport,
deposition, and during post-depositional processes on clay surfaces and held in clay
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fabric interstices (Figure 4). The basis for this phenomenon of OM entrapment
(sequestration) is both chemical, based on clay domain surface charges, and physical
based on clay fabric morphology (fabric signatures). Various investigators, e.g., Mayer
(1994a, 1994b) and Ransom et al. (1997), have proposed that clay not only traps but also
protects OM against enzymatic degradation at the nano- and micrometer scales in
significant concentrations and, furthermore, this protection extends into geologic time
scales (sedimentary rock formations, etc.). Evidence of the sequestering processes can be
found within lithified, stratigraphic layers of clay sediment, shale, and mudstone where
ancient OM is still present (Bennett et al., 1985, 1991, 2004, 2012b).
Various processes including aerobic and anaerobic metabolism, enzymatic
hydrolysis, and the composition of microbial and macrofaunal communities influence the
rate of OM degradation. The reactivity of assorted organic compounds and the oxidation
state of the environment are also important properties that affect degradation rates
(Hedges and Keil, 1995; Mayer, 1994a, 1999). Clay microstructure properties can
protect OM from degradation as a function of fundamental biological, chemical, and
physical processes.
Mayer (1994a, 1994b) proposed a monolayer-equivalent hypothesis to describe an
association between the surface area of clay and OM concentration noting that OM could
coat the surface of clay one molecule thick. The term “monolayer-equivalent” was used
to describe this association because Mayer considered the occurrence of a uniform
monolayer unlikely. An irregular coverage of OM bridging between clay particles and
on clay surfaces also was confirmed by Ransom et al. (1998) and Bennett et al. (1999).
Directly supporting Mayer’s research, Hedges and Keil (1995) presented work on
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monolayer-equivalent organic coatings stabilized on the surfaces of clay particles with a
high percent of the OM unable to be separated from the mineral matrix.
A study related to the distribution of OM by Curry et al. (2007) showed that chitin
within 10 nm of a clay surface was protected from digestion with chitinase, a digestive
enzyme, but the study was limited to two-dimensional images. Bennett et al. (2012a and
b) have shown that OM is sequestered in deep energy wells in high porosity sediments as
predicted by physico-chemical models. Though large, detailed mosaics have been
created from electron micrographs to show pore characteristics two-dimensionally in clay
(Bryant and Bennett, 1988; Curry et al. 2009); a three-dimensional volume can show a
pore network throughout clay fabric and will give information through the depth of a clay
sample (Bennett et al. 2012a)
Organic matter also affects clay fabric significantly with respect to in situ
depositional properties and dynamic sediment behavior (Bennett et al. 1985, 1999, 2004).
For example, OM plays a role in the consolidation process of clay sediments, where large
amounts of OM (>2% total organic carbon (TOC), Bennett et al. 1999, 2004) aid in the
consolidation of clays.
The relationship between clay and OM is dynamic and important for several
reasons. (1) Diagenetic processes, e.g., chemistry, changes in temperature, and over
burden pressure during sediment burial depth, convert the sequestered OM into
protokerogen and ultimately hydrocarbons. (2) Nano- and microscale clay fabric is
fundamentally the building block for stratigraphic units of cap rocks (consolidated fabric)
which are virtually impermeable and can trap reservoirs of hydrocarbons beneath them.
(3) There are large deposits of marine clay in extensive oceanic marine environments,
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and therefore, a large amount of carbon is tied up for geological time that likely has a
significant impact on the global carbon cycle but is only poorly understood (Kennedy et
al. 2006).
Bioturbation
Clay-rich deposits on continental margins are highly bioturbated; that is, reworked by organisms such as polychaetes that often alter sediment physical and mechanical properties. Bulk porosity measurements for bioturbated sediments are often ~10%
higher than non-bioturbated deposits (Bennett and Nelsen, 1983). Marine organisms not
only modify sediments by moving through them, mixing sediment grains and interstitial
fluid, but also by ingesting/egesting them (Dorgan et al. 2006; Jumars et al. 2006).
Polychaetes ingest muddy marine sediments and deposit millimeter size fecal pellets with
high OM content and a dense, oriented fabric near the pellet “skin” (Figure 5).

Figure 5. Bioturbation as represented by a portion of a polychaete fecal pellet viewed
with transmission electron microscopy. The fecal pellet is composed of biophysically
remolded fine-grained sediment with highly interspersed organic matter. Clay fabric is
slightly more compressed on the edge of the pellet, presumably due to peristaltic action
of the worm gut, compared to the internal pellet structure further into the pellet. The
compression of clay fabric is thought to play a significant role in protecting sequestered
organic matter from enzymatic degradation. Bar = 6 μm
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These pellets can break up and become reingested by the polychaetes, and
portions of this oriented “skin” can be seen within the internal portion of the subsequently
formed fecal pellet (Douglas, unpublished observations). Accumulations of fecal pellets
near the sediment-water interface (upper ~ 0.5 meters) lead to a high porosity deposit
because of the high percentage of OM and the change in effective bulk particle size;
however, the formation of nano- and micrometer fabric signatures are conducive to
sequestering OM near the sediment-water interface. The nano- and microfabric of these
fecal pellets is important for research on OM sequestering in recently deposited muddy
sediments because these fecal pellets have not been subjected to high overburden or
burial stresses (Bennett et al. 1991). Organic matter is also stored in fecal pellets (and
fecal pellet fragments) for geological time scales as fecal pellets are buried and become a
constituent of shales and other sedimentary formations.
Limitations of Bulk Sediment Analysis
Bulk Sediment analysis is helpful for a variety of sediment property
measurements including TOC (total organic carbon), porosity, and water content;
however, bulk analysis has limitations on some types of measurements. For example,
Brunauer–Emmett–Teller (BET) and Mercury Intursion Porosimetery (MIP) results are
affected by the geometry of the intersections at which pores meet, often referred to as
pore throats, as well as particle orientation (Holzer et al. 2004). Nano- and microscale
bulk analysis limitations make direct visualization and measurement key when studying
features of the nano- and microstructure of marine clay sediment because of the
availability of qualitative and quantitative analysis on those types of nano- and
microscale features.
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Limitations of Two-dimensional Fabric Analysis
There are various aspects of clay fabric that largely affect sediment properties
such as porosity, tortuosity, and consolidation that simply cannot be evaluated
comprehensively and in detail from a two-dimensional picture when trying to collect and
understand quantitative measurements, especially at nano- and microscales. In twodimensions, one would not be able to see down the bore of a pore (normal to the plane of
view) when observing the fabric from one plane of view. A three-dimensional
reconstruction of the fabric allows for the tilting and rotating of a sample, from an x, y,
and z plane, to see the pore network from all angles.
One important concept that only can be explored effectively using 3-D techniques
is tortuosity. Tortuosity is the ratio of an actual path length through a clay matrix to the
shortest distance between the two sides of that matrix. It captures the concept of path
length coupled with the notion of twists and turns in terms of convection (fluid flow) and
diffusion. Because enzymes that digest OM must travel through the pores of the clay
matrix, understanding the degree to which these twists and turns of pores occur is
important in relating bacterial distributions to potential enzymatic digestion of OM.
Tortuosity is directly related to particle size and angles formed by adjoining particles. In
a two-dimensional fabric image, an observer cannot actually see all of the angles formed
by clay domain signature arrangements because the boundaries of these signatures and
particles are not always visible in the plane of view.
Tortuosity measurements have historically been difficult, if not impossible, to
measure accurately. Scientists and engineers have had to rely on incomplete information
from 2-D micrograph studies and empirical models that used parameters such as porosity
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to mathematically extrapolate a hypothetical tortuosity. Theoretical models typically
calculate tortuosity using a basic geometric shape and arrangement (e.g., disks, spheres,
cylinders) which can then be applied to sediment models (Boudreau and Meysman, 2006;
Chinda and Brault, 2012). These calculations cannot take into consideration the
remarkably complex geometry of pore networks that are created by highly interconnected
marine organo-clay fabric. Only a three-dimensional view of the fabric allows for the
depth and rotation necessary to view entire particle arrangements and, therefore, pore
pathways, to determine tortuosity.
For example, measuring particle angles that result from consolidation are just as
important as measuring particle angles in unconsolidated clay. A precise direction of
consolidation stress or overburden cannot be determined in a two-dimensional plane, but
a three-dimensional reconstruction of fabric analyzed by sophisticated graphics software
allows determination of the orientation of particles relative to a standard reference
(Cartesian co-ordinates). Thus, a more precise direction of uniaxial overburden stress
may be approximated.
Various physical property measurements extend out of the two-dimensional plane
and cannot be measured without three-dimensional reconstruction. Physical
measurements include, but are not limited to chain-to-aggregate distances and ratios, ratio
of edge-to-edge/edge-to-face domain arrangements, relative abundance of edge-to-edge,
edge-to-face, and chain arrangements, determining the thickest width of domains or
aggregates, particle size distribution, and general morphology of particles.
Presently, image analysis software can be applied to nano- and microscale 3-D
reconstructed clay fabric, allowing us to visualize and study quantitatively previously

16
elusive properties at the nano- and micrometer scale of clay domain organization and to
refine and improve models of clay fabric and pore geometry from a volumetric
perspective. Three-dimensional imaging using X-ray computed tomography (CT)
scanning, scanning electron microscopy, and focused ion beam etching (milling)
techniques (Pierret et al. 2002; Holzer et al. 2004; Al-Raoush and Willson, 2005; Keller
et al. 2011) are showing the promise of 3-D technology, but TEM technology provides
the highest level of resolution of organo-clay fabic presently achievable at the nano- and
micrometer range of scales.
Terminology and Definitions
Science requires a large number of technical terms for clarity of expression.
Many terms are borrowed from a vernacular, in this case English, and given special
meaning. But terms are also useful even when they are somewhat vague to express a
broad meaning. Here, I discuss terms used in this research project.
Terms that describe clay nano- and micro-structure have precise meanings that I
have addressed in the Literature Review. They include mineral, layer, sheet,
plate/platelet, domain, and signature. The terms tortuosity and porosity have
mathematically defined meanings that will be described in Materials and Methods. The
term clay is defined in two ways. It is part of a series of terms that describe size ranges
of particulate material and it is defined on the basis of chemical and crystal structure
(Grim, 1968). Terms with clear and widely accepted definitions tend not to be
problematic or confusing.
The term orientation is seemingly unambiguous when defined quantitatively in
terms of azimuth and inclination, but taking these two measurements requires that the
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object be elongated with an obvious axis on a single vector within an equally obvious
frame of reference. The concept of orientation for clay fabric at the level of aggregates
(q.v.) can be ambiguous if not incoherent even if, as in my research, a photographic
representation of clay fabric is situated electronically in a three-dimensional Cartesian
coordinate system. The orientation of the clay aggregate is actually the orientation of the
domains taken collectively. The domains that comprise the aggregate might be
assembled into signatures that have one predominant orientation to each other.
Superimposing a Cartesian coordinate system on that type of aggregate allows expression
of orientation of the domain or signature subunits collectively at least in general terms of
X-, Y-, or Z-plane. The domains of the aggregate might also be arranged in a seemingly
random order from one another (i.e., a predominance of E-F signatures), so the aggregate
cannot be said to have a single orientation. The technique used was to divide the
aggregate into subsampling cubes and measure the parts of the aggregate within the
electronic Cartesian system. The particles (q.v.) in each cube are irregular and can only
be measured in a general sense of lying in the X-, Y-, or Z-plane. Additionally a particle
might extend equally in two or all three planes (XY, XZ, YZ, or XYZ). Thus, the
orientation of the aggregate taken as a whole is incoherent or non-identifiable, but
expressing a series of position-dependent orientations of local areas of the aggregate is
meaningful for exploring questions of fluid flow through clay fabric at the nanometer
scale.
Terms borrowed from English that acquire specific meaning in geology can be
problematic when their vernacular meaning is not quite their meaning in scientific
context. Terms used in my research that fall in this category are pore, void, solid,
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particle, aggregate, pathway, and channel. Pore and void both refer to the absence of a
substance, but in some cases, pore carries the connotation of a tubular opening defined by
surrounding substance while void is just considered absence of particular material. Pores
and voids are identified here as electron transparent zones in electron micrographs, but
with the understanding that they are probably spaces in the clay fabric that were filled
with water, gas, or dissolved substances. Identification of a single pore can be quite easy
when one large tubular opening is observed in the fabric or impossible when observing a
myriad of interconnected channels. Identification of a void can range from quite obvious
when represented by electron transparent areas to quite ambiguous when grey shades in
an electron micrograph may be void or may be background noise, a very thin grazing
section of mineral clay, or diffuse partially dissolved OM. The complementary problem
to void is solid when clay minerals are cut in grazing sections or OM is diffuse, confusing
solid with void. Thus, solids and voids blend into one another imperceptibly in electron
micrographs forcing value judgments to conduct quantitative assessments of solid-to-void
ratios.
Aggregates are formally defined in geology as an assemblage of particle
signatures (which comprise domains)(Bennett and Hulbert, 1986). No upper limit on the
size of an aggregate is implied by the definition, and both the sense of assemblage and
vague size fit well with its English meaning. The term is useful in this vague sense of
gesturing broadly at a structure observed in electron micrographs of clay fabric.
Aggregates can extend beyond the edges of an electron micrograph, depending upon the
scale of the aggregate and magnification used, without consequence since no upper size
limit is implied.
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The term particle carries an English sense of a small solid object with welldefined boundaries. I have used the term in this research to indicate the well-defined
boundaries of parts of aggregates created by electronically dicing samples into
subsampling cubes for various quantitative measurements. Each discrete solid within a
subsampling cube is called a particle. The terms pathway(s) and channel(s) are used
interchangeably in this paper in reference to pores based on a subtle distinction between
pores being identified by tube-like geometry and obvious walls while pathways and
channels can be designated (as opposed to discovered) in the matrix (network) of
interconnections that characterize clay aggregates.
This research focuses heavily on three-dimensional reconstruction of clay fabric
and pore network which stands in contrast to earlier two-dimensional fabric work by
various investigators such as McKee and Brown, 1977; Bennett and Hulbert, 1986;
Bennett et al. 1991; Curry et al. 2007 and 2009. One striking difference that impacts
terminology is the new observation of how highly interconnected clay fabric is when
viewed in three dimensions. The use of the word pore was not inappropriate when
interpreting two-dimensional electron micrographs. Three-dimensional constructions of
clay fabric suggest that the terms pore pathways and channels express more accurately
the highly interconnected pore network with the understanding that the pore space in the
network represented by electron transparent areas are actually filled with fluid (water),
gas (sometimes free gas), and dissolved material including OM. This study assumes a
natural marine sediment state.
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Research Objectives
This research provides techniques to create a three-dimensional visualization of
clay nano- and microfabric using TEM. Clay fabric (spatial distribution, orientation, and
particle-to-particle relations of clay minerals) has been of scientific and engineering
interest for over a century. A significant refinement of clay particles and fabric models
emerged with the advancement of TEM that provided visualization of clay fabric. High
resolution 2-D TEM micrographs elucidated new detail, addressing physical properties
such as porosity, void ratio, particle size distribution, and particle shape. Important
properties such as particle and void orientation, tortuosity, and the distinction between
effective and inaccessible porosity have remained elusive until recently. With the advent
of computer software for nanoscale 3-D clay fabric reconstruction techniques, 3-D
representations of clay now enable the visualization and quantitative study of properties
previously elusive at the nano- and micrometer scale of organization allowing us to refine
and improve models of clay fabric from a volumetric perspective. My research
objectives are:
I. To develop qualitative three-dimensional representations of clay fabric at the nano- and
micrometer scale of organization that allows visual analysis of spatial distribution and
orientation of particle-to-particle, particle-to-void, and void-to-void relations.
A. To create three-dimensional representations that give a visual sense of fabric
orientation and porosity.
B. To create three-dimensional representations that give a visual sense of fabric
controlled tortuosity derived from orientation and porosity data.

21
II. To develop quantitative techniques for three-dimensional analysis of clay fabric at the
nano- and micrometer scale of organization that allows interpretation of spatial
distribution, orientation, particle-to-particle relations, and particle-to-void relations.
A. To create interpretive graphs of particle and of void orientations.
B. To create interpretive analyses of particle-to-particle, particle-to-void, and void-tovoid relations.
III. To create three-dimensional reconstructions of laboratory model marine clay fabric
and of naturally bioturbated marine clay (polychaete fecal pellet) for the purpose of
contrasting two different fabric types.
A. Laboratory Model sample
B. Natural sample
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CHAPTER II
MATERIALS AND METHODS
Source and Preparation of Model and Natural Samples
Preparing sediment samples for TEM in a way that preserves and maintains the
integrity of soft high water content sediment fabric integrity has been accomplished and
tested quantitatively by Bennett et al. (1977), was used later by Baerwald et al. (1991)
and Curry et al. (2007), and was successfully accomplished for the research done with
regard to this thesis project (Bennett et al. 2012).
I used a model marine sediment saturated with salt water (salinity = 23.1 PSU)
comprising a 9:1 ratio of illite/smectite (Ward’s Natural Science Establishment) from
which particles > 62.5 µm were removed by sieving. One percent chitin was added to the
sediment (w/w; Sigma, St. Louis, MO; C9752), as representative OM. The mud-chitin
slurry was consolidated uniaxially and incrementally (load doubled daily) to a final stress
of 732 kPa that reduced the sample porosity to an average value of 58% (bulk
measurement).
I used fecal pellets from the marine capitellid polychaete Heteromastus filiformis
collected from the Gulf of Mexico in the littoral zone near Ocean Springs, Mississippi as
a natural sample. Pellets appeared to be largely illite/smectite, rich in OM, and their
outer clay domains assumed a modestly preferred orientation presumably from gut
muscle peristaltic action.
Model and Natural sample interstitial water was exchanged with ethanol (100%)
using an ethanol series (50, 70, 85, 95, and 100%). The Model sample pore fluid was
further exchanged with amyl acetate, purged with liquid CO 2 to remove the amyl acetate,
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and critical point dried using a Denton Vacuum, Inc., DCP-1 Critical Point Drying
Apparatus (Figure 6a). Following exchanges with ethanol, the Natural sample pore fluid
was further exchanged with acetone. Both samples were infiltrated with epoxy resin ERL
4206 (Spurr, 1969). The Model sample was infiltrated under vacuum (-85 kPa; Figure
6b) following a procedure from Bennett et al. (1977) and Baerwald et al. (1991), and the
Natural sample was infiltrated at 1 atm (101 kPa). Both samples were cured for 36 hours
at 70°C (Figure 6c).
Ultra-thin Serial Sectioning and TEM Photography
I modified a technique from light microscopy for taking serial sections (Royer, 1988).
Weldwood® contact cement was diluted with toluene to a consistency that could be
applied with a single-hair brush to the leading and trailing sides of the trapezoid shaped
subsample of clay being very careful to avoid applying the cement to the face of the
trapezoid. The cement was dried for several hours before sectioning with an ultramicrotome, and sections could be taken from the same sample for several weeks before
the cement became too dry for sections to adhere to one another.
Ultra-thin (ca. 100 nm) serial sections were obtained on a Sorvall Porter-Blum
Ultra-microtome MT-2B using a Diatome Ultra 45° diamond knife (Figure 6d). Three to
five serial sections were collected on each formvar coated (3 to 5% polyvinyl formal
resin), three-slot copper grid (3.05 mm, 2 mm ÷ 3 x 1 mm slot, EMS Cat. #G60610-Cu)
(Figure 6e). Sections were collected on up to 40 grids from which contiguous series of
sections were identified for photography. The grids were then carbon coated (Polaron
Instruments Inc. SEM Coating Unit E5100; Polaron PS100 Carbon Power Supply) to
protect the sections from electron beam damage (Bennett et al. 1977).
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Figure 6. Methods for three-dimensionally reconstructing micro- and nano-scale clay
fabric using transmission electron microscopy. Clay samples were carefully embedded in
resin in a manner that preserved the ultrastructure (Bennett et al. 1977, Baerwald et al.
1991). Interstitial water was replaced with an ethanol series (50–100%) followed by
replacement of ethanol with amyl acetate. The amyl acetate was exchanged with liquid
CO2 during critical point drying procedures. (A) Critical point drier. (B) Vacuum
desiccator assembly for resin infiltration of sediment sample under vacuum. (C) Clay
samples embedded in resin. (D) Ultrathin serial sections (ca. 100 nm) were collected,
carbon coated to protect against electron beam damage, and examined with TEM to
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discover suitable areas for analysis, i.e., (E) long series of contiguous samples with few
artifacts. (F) Appropriate areas were photographically mapped, electron micrographs
were rendered in digital form (scanned), and (G) assembled as mosaics in a graphing
program (Corel PHOTO-PAINT). (H) Each photographic mosaic represents one serial
section (ca. 100 nm thick). (I) The serial mosaics were assembled into a stack and
converted into a 3-D representation (ImagePro). (J) The threshold marking the boundary
between the clay and voids was determined and an isosurface was created delimiting each
of the clay particles/aggregates. The 3-D representation can be rendered into an
animation that the user can rotate to any vantage point (VRML) and can be made into
movie clips (AVI, MP4) for qualitative analysis.
__________________________
Photographs (Kodak Electron Microscope Film 4489, Electron Microscopy
Sciences Cat. #74104 or digital imaging with Gatan Model 785 ES1000W Erlangshen
CCD Camera) were taken with Zeiss 109T and Zeiss 900 TEMs at low magnification
(150x) to find section segments that showed serial patterns appropriate for 3-D
reconstruction and were free from artifacts (Figure 6e). These prospective areas were
then viewed at a higher magnification (3,000 to 85,000x) to determine if they were in fact
suitable for further analysis. A typical problem is that clay particles do not always embed
in plastic securely and will pull away from their plastic matrix. Rectangular target areas
several microns in each direction were photographically mapped across as many serial
sections as possible, i.e., target areas without technical flaws. Photographs were taken
with modest overlap to be used in subsequently aligning the photographic mosaics
(Figure 6f).
Film negatives were scanned at 600 dpi and simultaneously converted to a
positive electronic image in TIFF format (Epson Perfection V750 PRO). Scanned images
were straightened to correct for slight irregularities in relative film position both in the
TEM film holder and the scanner frame and then cropped to remove the film border that
was not part of the photograph proper. Digital images were batch processed in Digital
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Micrograph to convert the files from Gatan’s proprietary format DM3 to TIFF format.
Further processing to normalize tonal quality across micrographs was done using Corel
PHOTO-PAINT X4 and X5 (Corel Corporation, Ontario, Canada) with results saved in
the proprietary format CPT.
I created a photographic mosaic of the target area composed of multiple, modestly
overlapping pictures from each target area of the individual serial sections. Each
photographic mosaic represented one serial section (ca. 100 nm thick). Contrast,
brightness, and intensity were adjusted for uniformity across each mosaic and saved in
TIFF format (Figures 6g and h).
Image Analysis
ImagePro Plus 7.0 (MediaCybernetics Inc., Rockville, MD) is a sophisticated
graphics program that can be used to stack and align serial mosaics to achieve a threedimensional reconstruction of the fabric for quantitative analysis. The software allows
for simple, manual measurements to be made i.e., distance measurements, and for more
intricate, automatic measurements to be made of global regions of the sample
reconstruction i.e., volume, surface area, sphericity, etc.
The TEM was calibrated at 12,000x (magnification at which the analysis was
conducted) with an external standard replica grid (Electron Microscopy Sciences Cat.
80055, Line Grating Replica with Latex Spheres). Calibration established a relationship
between pixels and linear distances on the mosaics. Image resolution is defined as the
measurement of how close two points can be to each other and still be visibly resolved.
The lower limit of resolution for our TEM micrographs taken at 12,000x magnification
was calculated to be approximately 8 nm based on the linear distance measured with a
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hand lens between two very close but distinguishable points on the image. The calibrated
pixel size for the photographs is 3.65 nm/pixel.
Serial mosaic TIFF files created in PHOTO-PAINT were imported into ImagePro
Plus, brought into register manually with one another, and stacked electronically. The
serial sections were each about 100 nm thick, so a Z-plane spacing of 100 nm was
specified for each section within the stack. The software then extrapolates gray shades
from adjacent points of contiguous 2-D mosaics filling in with the appropriate number of
voxels to bring resolution in the Z-plane approximately to the resolution of the X and Y
planes and thus create a 3-D representation. The software uses an algorithm to connect
the voxels between adjacently registered mosaics. Each mosaic was reconstructed
through half of the Z-distance between mosaics, so the whole Z-plane reconstruction
between pairs of mosaics was based on adjacent populations of pixels/voxels in both
mosaics. Resolution from 2-D mosaics was assumed as a best estimate of resolution of
the 3-D representation. Construction of the grayscale array in the Z-plane between
adjacent mosaics completes the 3-D representation (Figures 6i and 7).
Quantitative analysis of clay fabric requires creating an isosurface (electronic
boundary) to delimit the clay particles and OM (electron dense) from the electron
transparent void space. Delimiting the clay particles and OM is accomplished by careful
examination of the continuum of density across numerous particles by an experienced
researcher to determine the grayscale threshold that simultaneously includes most of the
particles while excluding most of the “void” as was done for 2-D fabric analysis by
Bennett et al. (1977, 1989). The threshold is then used by the software to establish an
isosurface delimiting the particles and pore space (Figures 6j and 8).
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Figure 7. Three-dimensional reconstruction of a fecal pellet from the polychaete
Heteromastus filiformis. Three-dimensional reconstruction comprising nine serial
sections (each approximately 100 nm thick) of a fecal pellet from the polychaete
Heteromastus filiformis collected from the Gulf of Mexico (Natural sample). The image
was rotated on a vertical axis left-to-right ca. 14° between each of frames A-D. In this
particular representation, organic matter has not been tagged and thus only electron dense
organic matter (such as from living or recently dead organisms) is visible. Visibility of
organic matter waxes and wanes at different angles of rotation. Parts of each of these
pores and pore pathways appear open or closed from different angles. Suns indicate
organic matter and quad-arrows indicate pore spaces.
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Figure 8. Three-dimensional reconstruction of a portion of pore network shown
with isosurfaces. The image was rotated on a vertical axis left-to-right ca. 20°
between each of frames A-D. Parts of each of these pores and pore pathways can
be seen from different angles. This representation gives a clear view of the
morphology of the pore structure of clay at the micrometer scale.

The software provides an assortment of measurement tools that can be implemented
at operator discretion. Filters were applied to the measurement tools to delimit the
measurement range. For example, volume was delimited to a discrete range with a lower
level set to 10-9 cubic microns (equivalent to a sphere of 0.0012 µm diameter). Sets of
threshold and measurement parameters/filters were saved as .ren files (Rendering Files)
for use on multiple, similar samples. The representation of individual samples and their
specific measurements were saved within ImagePro as S3D files (proprietary file type).
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Representations can be exported for use in other programs. The 3-D representations were
rendered into animations that can rotate to any vantage point (VRML; virtual reality
markup language) and were made into movie clips (AVI, MP4) for qualitative analysis.
The dominant structural feature of the three-dimensional representation is the clay
aggregate. One large aggregate and numerous smaller aggregates filled each
representation and presented a technical problem in analyzing “particles” for orientation
or any aspects of porosity beyond the bulk sample measure of that property. The same
problems occur when trying to analyze highly interconnected pore networks. Figures 9
and 10 show the highly interconnected clay aggregates and pore networks for the Model
and Natural sample, respectively.
I resolved the problem of identifying individual particles in a large aggregate by
subsampling cubes of various sizes from the original three-dimensional image, thus
creating segments of the aggregates that could be treated as small aggregates or
“particles” (Figure 11). I reasoned that orientation and porosity data derived from
segments of the large aggregate and the numerous smaller aggregates would give an
accurate quantitative representation of the fabric as a whole at the nanometer level of
organization (Table 1).
Voids were analyzed the same way and with the same types of measurements as
applied to solid particles. Representations were electronically inverted so that voids
could be treated as solid volumes. A complementary gray shade threshold was applied to
the three-dimensional representation which created an isosurface around the void spaces
and the recast representation was subjected to computer analysis.
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Table 1
Subsampling statistics for the Model and Natural samples

Sample Dimensions
(µm)

Cube Size
(nm3)

Total #
Cubes

# Cubes
(X x Y x Z)

Model Sample
Laboratory Consolidated
1% OM

13.1 x 5.9 x 1.0

300

2,451

43 x 19 x 3

Natural Sample
Heteromastus filiformis
Fecal Pellet

22.5 x 14.7 x 0.9

300

11,025

75 x 49 x 3

Sample

It is technically difficult to section and collect a large number of ultra-thin (100
nm) serial sections of a clay sample that are without flaw. The largest subsample size
that could be attempted was restricted by the depth of the Z-plane, i.e. the number of
contiguous serial sections without technical flaw across an area of interest. Both the
Model marine sediment and the Natural sample were constructed from nine serial
mosaics. Sections for the mosaics were approximately 100 nm thick, so the mosaic
stacks were 900 nm in the Z-plane.
Subsamples of the whole 3-D reconstruction were taken at various sizes, but
ultimately a 300 nm cube gave the highest resolution and was used for all measurements.
An analysis of local variance indicated that the 300 nm cube subsample was an
appropriate size for the study of clay fabric (Woodcock and Strahler, 1987). Twodimensional representative photographic transects were taken at 12,000x for both Model
and Natural samples. Sets of nine nearest neighbor subsamples (overlapping, moving 3 x
3 windows) were taken exhaustively across the transects at successively larger scales
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Figure 9. Three-dimensional reconstruction of clay fabric from the Model sample.
Three-dimensional reconstructions of laboratory consolidated clay fabric from
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transmission electron micrographs (12,000x). (A) 3-D reconstructed sample created
from electron micrographs. (B) 3-D reconstructed sample with an isosurface on the clay
fabric (pores are transparent). (C) 3-D reconstructed sample with an isosurface on the
pore network (clay is transparent).
_________________________

(ranging from 0.1 µm to 10µm), assessed for porosity, and the standard deviation of
porosity across each nearest neighbor set was obtained. The average standard deviation
for each scale was plotted. High variance was interpreted as a scale where nearest
neighbors intersected objects of interest (i.e., clay aggregates); low variance observed at
the higher scales was interpreted as homogeneous mosaics of objects of interest.
Transect photographs also were used to measure relative homogeneity of porosity
across the embedded samples. Porosity measurements were taken from 36 transect
photographs of the Model sample (7 x 7 µm image dimensions), and an ANOVA was run
to test for variance of porosity among the photographs (Table 2).

Table 2
Model Sample Transect ANOVA Results
Difference in Porosity of Image Transects Across the Model Sample
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
28

0.0016
0.5336

0.0016
0.0191

0.0841

0.7740
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Figure 10. Three-dimensional reconstruction of clay fabric from the Natural sample.
Three-dimensional reconstructions of laboratory consolidated clay fabric from
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transmission electron micrographs (12,000x). (A) 3-D reconstructed sample created
from electron micrographs. (B) 3-D reconstructed sample with an isosurface on the clay
fabric (pores are transparent). (C) 3-D reconstructed sample with an isosurface on the
pore network (clay is transparent).
_________________________

Figure 11. Techniques for subsampling and analysis of three-dimensional clay fabric and
pore network reconstructions. (A) Quantitative analysis requires substantial subsampling of the 3-D representation in order to perform measurements and calculations on
the contiguous clay domains and aggregates. Particle fragments in the sub-samples are
measured for volume, surface area, particle and void orientation, and subsampling cube
porosities. Representations can be electronically inverted so that voids can be treated as
solid volumes and the same quantitative measurements can be obtained. (B) Close-up
look at a segment of the pore network.
The same ANOVA analysis was applied to the Natural sample from 36 transect
photographs (10 x 7 µm image dimensions), but an additional test was added. The
Natural sample, being a fecal pellet, has a slight morphological difference between the
inner portion of the pellet and the outer portion (also called the skin) of the pellet that is
in contact with the walls of the gut of the polychaete from which it came (Figure 5).
Three ANOVAS were run for the Natural sample to account for the difference in
morphology between the outer and inner portions of the pellet: variance within the inner
portion of the pellet, variance within the outer portion of the pellet, and variance between
the inner and outer portions of the pellet (Table 3).
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A set of customized ImagePro Plus macros were used to dice the Model and
Natural samples into sub-sampling cubes for measurements. General properties such as
volume (cubic microns) and particle/void dimensions (width, height, and depth in

microns) were measured for every solid particle and every void. These measurements
were used to calculate porosity, particle orientation, and tortuosity.

Table 3
Natural Sample Transect ANOVA Results
Difference in Porosity of Image Transects Across the Inner Portion of the Natural Sample
Source
Between Groups
Within Groups

DF
1
61

SumOfSq
0.0029
3.8222

MeanOfSq
0.0029
0.0627

F-Value
0.0456

P-Value
0.8316

Difference in Porosity of Image Transects Across the Outer Portion of the Natural Sample
Source
Between Groups
Within Groups

DF
1
31

SumOfSq
0.1335
2.1601

MeanOfSq
0.1335
0.0697

F-Value
1.9153

P-Value
0.1763

Difference in Porosity of Image Transects between the Inner and Outer Portion of the Natural
Sample
Source
Between Groups
Within Groups

DF
1
94

SumOfSq
0.6352
6.1186

MeanOfSq
0.6352
0.0651

F-Value
9.7586

P-Value
0.0024

Porosity
Porosity (n) is defined as the volume of the voids divided by the total volume of a
sample (n = V v /V t ). Porosity was measured in three complementary ways. (1) Porosity
was calculated as the percent of total void volume of the 3-D reconstruction to the total
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volume of the 3-D reconstruction. This measurement expresses the 3-D reconstruction
porosity. (2) Porosity was calculated as the percent of total void volume within a
subsampling cube to the total volume of each subsampling cube. These measurements
express local porosity within a 300 cubic nanometer volume and were used to create a
porosity map of the sample and for calculations of tortuosity (q.v.). (3) As an
independent measure of porosity, total void areas in each of the nine 2-D mosaic
components of the 3-D representations were measured and porosity was calculated as a
percent of total void area to total mosaic area from which porosity was derived. The
average of the nine collective 2-D porosity measurements is directly comparable to the 3D porosity measurements at the scale being studied here.
Orientation
Particle orientation was measured by the software using the concept of a box
circumscribed around a particle from which several measurements were obtained. The
box was constructed around each particle with two restrictions: The box is a rectangle
with sides oriented parallel to the planes of a Cartesian coordinate system superimposed
on the three-dimensional representation as described above, and the box is the smallest
rectangle with the orientation just described that will circumscribe the particle. The
longest axis(es) of the box indicates the general Cartesian direction (vector parallel to the
X-, Y-, or Z-plane) in which a particle is oriented.
Tortuosity
Tortuosity was calculated as the ratio of a measured short path through the sample
to the straight line across the sample. Quantitative analysis of tortuosity was
accomplished with a spreadsheet by superimposing void orientation data from individual
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subsample cubes onto porosity data for that same cube and then tracing pathways through
the resultant matrix under selected porosity and void orientation constraints. The 3-D
reconstructions were separated into three stacks (or panels) of images for tortuosity
analysis (Figure 12). Analyses were made of 3-D reconstructions and, for comparison, of
their 2-D counterparts for both the Model and Natural samples.

Figure 12. Diagram showing a three-dimensional reconstruction separated into three
stacks (or panels) of images for tortuosity analysis. This diagram shows what can be seen
in 2-D in Figures 11 and 12.

Shortest pathways in the 3-D reconstructions were calculated with normalized
lengths (i.e., 300 nm cube = 1 unit) across the sample matrices by considering three
possible cube-to-cube connections (Figure 13): face-to-face (1 unit), edge-to-edge (1.414
units), and corner-to-corner (1.732 units). Shortest pathways across X and Y directions,
left-to-right or top-to-bottom and the mirror right-to-left or bottom-to-top, were compared
with the distance straight across the sample to derive a measure of tortuosity. The Z
direction was too short to measure meaningful path lengths across it, but paths across X
and Y planes could use the Z-plane to trace around solid particle obstructions.
Shortest pathways in the 2-D matrices corresponding to the 3-D reconstructions
were calculated as above except that only face-to-face (1 unit) and edge-to-edge (1.1414
units) cube-to-cube paths were used since there could be no movement in the Z-plane.
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Figure 13. Subsampling Cube Diagram. Detailed porosity and orientation measurements
are used to discover short paths across the sample. Paths are constructed cube to cube by
considering the closest adjacent cube in the neighboring X, Y, and Z in one of three
planes: (A) face-to-face (1 unit), (B) edge-to-edge (1.414 units), (C) corner-to-corner
(1.732 units).

The tortuosity spreadsheets were also used to calculate the number of subsample
cubes (300 nm cubes) that comprised the short pathways across the samples for both 3-D
and 2-D matrices. ANOVA Statistical analysis of pathlength and number of cubes
comprising those paths was accomplished with PSI Plot 9.5.
General data manipulation was accomplished with Quattro Pro X4 and X5 and
Excel 2007. Graphical representations of data were rendered using PSI Plot 9.5 and
Corel DRAW X4 & X5.
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CHAPTER III
RESULTS
General Fabric Analysis
Maximum Size of Non-branching Aggregate Segments
Examination of particle volumes in both the Model and Natural samples indicated
that a very low percentage of the subsampling cubes, 0.8% for Model and 0.4% for
Natural, were completely filled with particles (solids), thus indicating a physical limit of
about 27 x 106 nm3 (300nm x 300 nm x 300 nm subsampling cube dimension) on the
aggregation of domains in non-branching segments without any void space larger than 8
nm in three dimensions.
Sampling Scales
Three-dimensional fabric analyses at different nanometer sampling scales (300–
1000 nm cubes) of the same reconstructed sediment led to somewhat different
quantitative interpretation for some of the parameters measured. Scale for optimizing
interpretation of photographic data must be discovered (Woodcock and Strahler, 1987).
All analyses presented are based on 300 nm subsampling cubes, the smallest subsampling
cube technically available. Analysis of local variance based on porosity measurements
(Figure 14) indicated that this sampling size was appropriate for studying clay fabric
(Woodcock and Strahler, 1987).
Transect
The small sample sizes of the 3-D reconstructions limits any measurements made,
so understanding the relative homogeneity of properties, e.g. void ratio and porosity, of
the sample fabric increases confidence in generalizations made about the nature of the
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Figure 14. Sampling scales — Nearest Neighbor Standard Deviation Graph. Woodcock
and Strahler (1987) suggested a way of determining an appropriate scale for viewing an
object of interest in satellite images using variance of some property of interest among
the nearest neighbor elements of the photographic image. Their technique was adapted
for use here to evaluate the appropriateness of the scale used for viewing clay fabric. The
standard deviation of porosity values was computed, and the mean of these values across
the sample was taken as an indication of the local variability in the sample. The 300 nm
sampling cubes were in the appropriate scale for studying porosity and tortuosity of clay
nanofabric, thus enhancing the credibility of this study.

fabric. Testing the homogeneity across the entire embedded sample area at the
nanometer scale would take an extensive amount of time. Therefore, a transect method
was used to establish a level of homogeneity within parameters of interest (i.e., porosity).
The transect photographs were analyzed as 2-D images because generating a large
number of 3-D image reconstructions is not feasible.
Porosity was measured for 36 images (7 x 7 µm image dimensions) taken as
transects across the Model sample. A one-way ANOVA was run to test for variance of
porosity among the Model sample transect photographs (Table 2).

ANOVA results

showed that there was no significant difference in porosity across the Model sample
image transects, F(1,28) = 0.0841, p = 0.7749 (Table 2).
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Porosity was measured for 36 images (10 x 7 µm image dimensions) taken as a
transect across the Natural sample. Three ANOVAs were run on the Natural sample to
test for variance within the inner portion of the fecal pellet, variance within the outer
portion (skin) of the fecal pellet, and variance between the inner and outer portions of the
pellet (Table 3).

ANOVA results showed that there was no significant difference in

porosity within the inner portion of the fecal pellet, F(1,61) = 0.0456, p = 0.8316, nor was
there a difference in porosity within the outer portion of the fecal pellet, F(1,31) =
1.9153, P = 0.1763; however, there was a significant difference when comparing the
porosity measurements of the inner portion to the outer portion of the fecal pellet, F(1,94)
= 9.7586, P = 0.0024 (Table 3).
Analysis of Orientation
Ascribing an orientation at the aggregate level of organization for recently
deposited marine sediments which have not been subjected to any appreciable amount of
overburden pressure is incoherent because of the random array of domain arrangements
(signatures) that comprise the aggregate. I approached the problem of defining aggregate
orientation by subsampling the aggregate into smaller units (300 nm subsample cubes)
and determining the long axis or axes (i.e., X-, Y-, Z-orientation) of the single largest
(hence primary) particle, determined by volume, in each sampling cube. All other
particles were designated as secondary. Depending on the dimensions of the particle
being measured, its orientation can be defined as X, Y, Z, or any combination of these
three when axis lengths are equal (i.e., XY, XZ, YZ, or XYZ). A parallel analysis of
primary and secondary voids was performed for direct comparison to show that void
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orientation, coupled with size, correlates with that of the particles. Void orientation is a
necessary component of pore network and tortuosity analyses.
Model Sample
A modest preferred X-Y orientation of particles/long axes was observed in the
Model sample. Of the primary solids axes, 58% were in the X-direction and 38% were in
the Y-direction. Secondary solids/axes were more evenly distributed than primary
solids/axes in the X (39%), Y (31%), and Z (30%) directions (Table 4a). Primary
voids/axes were also evenly distributed in the X (38%), Y (34%), and Z (29%) directions,
and 75.8% of primary voids spanned all three directions simultaneously. Secondary
void/axes are closely associated with primary particles and show parallel orientation with
X (53%), Y (34%), and Z (13%) directions (Table 4b).

Table 4
Model Sample Orientation Data
Primary Solids
Direction

X

X

1295 (98%)

Y

13 (1%)

13 (1%)

XYZ

20 (2%)

20 (2%)

XZ

0 (0%)

Y

837 (96%)

YZ

0 (0%)

Z

A

Z

X

Y

0 (0%)

0 (0%)

20 (20%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

870 (38%)

XY
0 (0%)

XYZ

0 (0%)

XZ

288 (100%)
0 (0%)

99 (4%)

0 (0%)

370 (39%)

Direction

X

79 (80%)

1328 (58%)

Z

370 (100%)

XY

Total
Long
Axes

Secondary Solids

288 (31%)

Y
0 (0%)

YZ

280 (100%)

Z

280 (30%)

Total
Long
Axes
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Table 4 (continued).

Primary Voids
Direction

X

X

363 (38%)

XY

261 (12%)

261 (14%)

XYZ

1423 (67%)

1423 (75%)

XZ

Secondary Voids

Y

Z

Y

Direction

180 (10%)

YZ

25 (1%)

X

145 (19%)

145 (30%)

1423 (87%)

18 (2%)

18 (4%)

71 (4%)

4 (1%)

71 (3%)

25 (2%)

1 (0%)

108 (7%)

1889 (34%)

XY
18 (9%)

XYZ

4 (2%)

XZ

324 (66%)

Z

2118 (38%)

Z

589 (78%)

Y

Total
Long
Axes

X

1627 (29%)

756 (53%)

488 (34%)

Y
1 (1%)

YZ

169 (88%)

Z

192 (13%)

Total
Long
Axes

B
The Model sample has an average of 1.298 particles per 300 nm cube and an
average of 1.502 voids per cube. The sample porosity (n) is 51.8%, 58.5% of the primary
voids span all three directions of orientation (X, Y, and Z directions; Table 4), and 52.9%
of the voids in the sample are in the largest void size class (107 nm3) (Table 5). These
data support what can be seen of the sample qualitatively which is a loosely packed fabric
with large pore spaces (Figure 9).
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Table 5
Model Sample Particle and Void Size Distribution
Model Sample Particle Size Distribution
Order of
Magnitude
(nm3)

Particle Count

107

1237

6

10

808

5

463

10

4

10

380

3

Model Sample Void Size Distribution

% of Total Particles

Order of
Magnitude
(nm3)

Void Count

% of Total Voids

38.7

107

3092

52.9

25.3

6

1425

24.4

5

455

7.8

4

451

7.7

3

10

14.5

10

11.9

10

10

309

9.6

10

426

7.2

Total Particles

3197

100

Total Voids

5849

100

A

B

Natural Sample
Homogeneity testing indicated a distinction between the inner and outer (skin; see
Figure 5) portions of the fecal pellet (Table 3). The morphology of the outermost portion
of the pellet prevented collecting of reliable orientation data, so orientation data for only
the inner portion of the Natural sample are reported here. A modest preferred X-Y
orientation of particles/long axes was observed in the Natural sample. Of the primary
solid axes, 54% were in the X-direction and 40% were in the Y-direction. Secondary
solids/axes were largely in the Z-direction (72%) (Table 6a). Primary voids/axes were
distributed largely in the X (54%) and Y (40%) directions. Secondary void/axes were
largely oriented in the Z-direction (53%; Table 6b).
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Table 6
Natural Sample Orientation Data
Primary Solids
Direction

X

Y

X

5753 (94%)

XY

359 (6%)

359 (8%)

XYZ

0 (0%)

0 (0%)

XZ

0 (0%)

Z

X

Y

Z

607 (100%)

Y

4206 (92%)

YZ

0 (0%)

Z
Total
Long
Axes

Secondary Solids

X

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

685 (100%)

6112 (54%)

4565 (40%)

XY
0 (0%)

XYZ

0 (0%)

XZ

559 (100%)
0 (0%)

685 (6%)

607 (14%)

Direction

559 (13%)

Y
0 (0%)

YZ

3047 (100%)

Z

3047 (72%)

Total
Long
Axes

A

Primary Voids
Direction

X

Y

X

5784 (92%)

XY

339 (5%)

339(7%)

XYZ

94 (1%)

94 (2%)

XZ

57 (1%)
4139(90%)

YZ

45 (1%)

Z

B

Z

X

Y

1 (0%)

1 (0%)

94 (13%)

0 (0%)

0 (0%)

57 (8%)

0 (0%)

4617 (40%)

XY
0 (0%)

XYZ

0 (0%)

XZ

2482 (100%)
45 (6%)

721 (6%)

0 (0%)

3370 (27%)

Direction

X

525 (73%)

6274 (54%)

Z

3369 (100%)

Y

Total
Long
Axes

Secondary Voids

2483 (20%)

Y
0 (0%)

YZ

6537 (100%)

Z

6537 (53%)

Total
Long
Axes
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The Natural sample has an average of 1.380 particles per 300 nm cube and an
average of 2.119 voids per cube. The sample porosity is 36.8%, less than 1% (0.9%) of
the primary voids span all three directions of orientation (X, Y, and Z directions; Table
6), and only 15.3% of the voids in the sample are in the largest void size class (107 cubic
nm) (Table 7). These data support what can be seen of the sample qualitatively which is
a densely packed fabric with small, interconnected pore channels (Figure 10).

Table 7
Natural Sample Particle and Void Size Distribution
Natural Sample Particle Size Distribution

Natural Sample Void Size Distribution

Order of
Magnitude
(nm3)

Particle Count

% of Total Particles

Order of
Magnitude
(nm3)

Void Count

% of Total Voids

107

10253

65.8

107

4698

15.3

1164

7.5

106

6817

22.2

4.2

5

3680

12

4

5024

16.4

3

6

10

5

655

10

4

10

984

3

10

6.3

10

10

2519

16.2

10

10488

34.1

Total Particles

15575

100

Total Voids

30707

100

A

B

Analysis of Porosity and Pore Network
Traditional porosity calculations use measurements made on bulk samples which
may be as large as a sediment core (cm to m scale) or as small as a few grams of
sediment. Three-dimensional reconstructions from TEM images allow for very fine
precision porosity measurements at nano- and microscale regions. The use of
subsampling cubes allowed porosity to be plotted in 300 nm increments. These localized
porosity measurements are displayed as 2-D representations based on 3-D quantitative
data in Figures 15b and 16b. Figures 15a and 16a show 3-D photographic stacks of the
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Model and Natural samples created in ImagePro Plus with a 300 nm grid overlay to show
where the 300 nm subsampling cubes are located. Figures 15b and 16b show comparable
porosity plots charting porosity measurements taken at 300 nm subsample locales across
the photographic stacks of the Model and Natural samples. Ranges of porosity are colorcoded for ease of interpretation. The main orientation (X, Y, Z, XY, XZ, or XYZ) of the
single largest void (primary void) for each subsampling cube has been superimposed on
the plots in Figures 15b and 16b. This joining of porosity and orientation data allows a
qualitative assessment of fluid flow direction in all three planes of the sample.
Both Model and Natural samples were 900 nm deep (Z-plane), and thus three 300
nm subsampling cubes deep. The 3-D reconstructions are shown as three panels each
representing 300 nm (one subsampling cube depth) deep segments of the Z-plane and
face-on views of the X-Y plane. Comparing the photographic stack representations of the
two sample sediments (Figures 15a and 16a) with their porosity plot representations
(Figures 15b and 16b) allows identification of areas of relatively dense solids and of
relatively open voids. The porosity plots allow a detailed qualitative assessment of
porosity (a quantitative measure) in all three planes.
Model Sample
Porosity (n) and void ratio (e) were calculated across the entire sample of the
TEM representation as 51.8% and 1.076 respectively. These data provide a reference
point for considering subsampling values presented in Figure 15b. A visual sense of
nano-scale fabric porosity for the Model sample was created from a three-dimensional
representation (12.9 x 5.7 x 0.9 microns) analyzed as 2,451 (300 nm) subsampling cubes.
Thus, the sample was represented by three matrices (stacked; see Figure 15) of 43 x 19 x
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1 cubes for purposes of analysis (Table 1). The porosity of each 300 nm subsample cube
was determined and placed into a spreadsheet to plot its respective position in the whole
3-D representation. Three porosity ranges were assigned, and color-codes were applied
to cubes based on their porosity. Primary void orientation was overlain onto the colorcoded porosity representations to correlate porosity ranges with the primary direction of
orientation within each subsample cube (Figure 15b).
Porosity and pore networks can also be characterized by particle and void
distributions based on size (volume) and organized by order of magnitude. This view
shows that 52.9% of the voids are in the largest of five size classes (107 cubic nm range)
contrasted with 38.7% of particles falling in the same size class (Table 5).
Natural Sample
Porosity (n) and void ratio (e) were calculated across the entire sample of the
TEM representation as n = 36.8% and e = 0.582. These data provide a reference point for
considering subsampling values presented in Figure 16b.
A visual sense of porosity for the Natural sample was created from a 3-D
reconstruction (22.5 x 14.4 x 0.9 microns) analyzed as 11,025 (300 nm) subsampling
cubes. Thus, the sample was represented by three panels of 75 x 48 x 1 cubes for
purposes of analysis (Table 1). The porosity of each 300 nm subsample cube was
determined and placed into a spreadsheet to plot its respective position in the whole 3-D
representation. Three porosity ranges were assigned, and color-codes were applied to
cubes based on their porosity. Primary void orientation was overlain onto the colorcoded fabric porosity plot representation to correlate porosity ranges with the primary
direction of orientation within each subsample cube (Figure 16b).
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The distribution of particles and voids, by size range, were quite different between
the Model and Natural samples. The Natural sample lacked the correlation between
number of particles and number of voids for each size class that characterized the Model
sample. The largest size class for particles (107 cubic nm) comprises 65.8% of the
particles while the comparable void class is only 15.3%; the smallest size class for
particles comprises 16.2% compared with 34.2% for voids in that class.
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Figure 15. Model sample. Representations of porosity based on 3-D analysis. (A) Represents front, middle, and back portions of the complete sample sliced into regions 300 nanometers deep from which 300
nanometer subsamples were taken as shown in the overlay. Each area corresponds to the grid position on each of the two, colored panels on its immediate right allowing close correlation between the actual
photograph and its representations. (B) Panels overlaid with orientation data. The panel to the immediate right of each photograph gives the orientation of the single largest pore. (C) Analysis of path lengths and
interconnectivity assuming a 3-D sample in which the panels are connected by the Z-plane. Cumulative total path length left to right (X-plane) are imposed in each subsampling cube that is part of a valid path. (D)
Analysis of path lengths assuming a 2-D sample in which the panels are not interconnected by a Z-plane. Cumulative total path length left to right are imposed in each subsampling cube that is part of a valid path.
(NV = no void)
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Figure 16. Natural sample (Polychaete Fecal Pellet). Representations of porosity based on 3-D analysis. (A) Represents front, middle, and back portions of the complete sample sliced into regions 300 nanometers deep from
which 300 nanometer subsamples were taken as shown in the overlay. Each area corresponds to the grid position on each of the two, colored panels on its immediate right allowing close correlation between the actual photograph
and its representations. (B) Panels overlaid with orientation data. The panel to the immediate right of each photograph gives the orientation of the single largest pore. (C) Analysis of path lengths and interconnectivity assuming a
3-D sample in which the panels are connected by the Z-plane. Cumulative total path length left to right (X-plane) are imposed in each subsampling cube that is part of a valid path. (D) Analysis of path lengths assuming a 2-D
sample in which the panels are not interconnected by a Z-plane. Cumulative total path length left to right are imposed in each subsampling cube that is part of a valid path. (NV = no void)
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Analysis of 3-D Tortuosity
A quantitative 3-D assessment of potential fluid flow dynamics was achieved by
identifying short paths across a sample in either the X- or Y-plane based on combinations
of highly localized porosities measured from 300 nm subsample cubes with length and
orientation of the voids in each subsample cube. The open nature of the pore space
within the fabric allowed pathways to be readily discovered that would permit passage of
variously sized particulates ranging from enzymes to bacteria (nm to µm) through the
fabric. Sampling cube size determined the upper size limit (volume) of a theoretical
particle traversing a path. Tortuosity measurements can be restricted to any range of
porosity that, because of the subsample cube size, corresponds to ranges of “pore”
diameters, none of which exceed 300 nm.
The analysis was performed on Model (Figure 15) and Natural (Figure 16)
samples. Tortuosity values were derived from a spreadsheet in which formulas in each
cell tested surrounding cells to determine if the subsample cube porosity, void length, and
void direction were compatible with fluid flow in the direction of the X-axis (oblique or
straight, left-to-right, or right-to-left) or Y-axis (oblique or straight, top-to-bottom, or
bottom-to-top). Recall that the 3-D reconstructions are analyzed as three panels
interconnected through the Z-plane and fluids/particulate material can flow through
oblique channels in X-, Y-, or Z-planes.
Tortuosity of Paths in the X-plane of Orientation
This technique allowed tortuosity calculations while restricting porosity to a
minimum boundary condition prior to determining the tortuous pathway. Figure 17
shows tortuosity calculated for the Model sample over the range of porosities that would
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allow a path to be traced across the sample in the X- direction. Figure 18 shows
comparable data for the Natural sample. As an example, the Model sample had a
tortuosity (ratio of measured shortest path to straight line across) from left-to-right (Xplane) through a series of 300 nm cubes with 40–100% porosity measured to be 1.04.
Measuring tortuosity across the same sample in the same orientation, but restricting flow
to cubes of 80–100% porosity yielded a tortuosity of 1.14. Comparable tortuosity for the
Natural sample was 1.13 for the 40–100% porosity range, and there were no available
flow paths for any narrower ranges. Due to the lack of flow paths across the Natural
sample in the X-plane above the 40–100% porosity threshold, Model and Natural sample
tortuosity/pathlength measurements can only be compared up to the porosity range of 40–
100%.
Tortuosity of Paths in the Y-plane of Orientation
Appendix, Figure A17 shows tortuosity calculated for the Model sample over the
range of porosities that would allow a path to be traced across the sample in the Y-plane.
Appendix, Figure A18 shows comparable data for the Natural sample. As an example,
the Model sample had a tortuosity from top-to-bottom (Y-plane) through a series of 300
nm cubes with 50–100% porosity measured to be 1.00. Measuring tortuosity across the
same sample in the same orientation, but restricting flow to cubes of 70–100% porosity
yielded a tortuosity of 1.08. Comparable tortuosity for the Natural sample was 1.27 for
the 50–100% porosity range, and there were no available flow paths for any narrower
ranges. Due to the lack of flow paths across the Natural sample above the 50–100%
porosity threshold in the Y-plane, Model and Natural sample tortuosity/pathlength
measurements can only be compared up to the porosity range of 50–100%.
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Figure 17. Model sample. Comparison of 2-D and 3-D analyses of tortuosity: Path
lengths of pore network. Porosity range over which paths can be discovered narrows
going from left-to-right on the graph. Paths in the 3-D matrix can be found extending
into a narrower porosity range than paths in the 2-D matrix. (A) X-orientation path
lengths (left-to-right) (B) Y-orientation path lengths (top-to-bottom). N.B. - Pathlength
measurements for X-orientaion, right-to-left and for Y-orientation bottom-to-top can be
found in the Appendix.
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Figure 18. Natural sample (Fecal Pellet). Comparison of 2-D and 3-D analyses of
tortuosity: Path lengths of flow network. Porosity range over which paths can be
discovered narrows going from left-to-right on the graph. Paths in the 3-D matrix can be
found extending into a narrower porosity range than paths in the 2-D matrix. (A)
Xorientation path lengths (B) Y-orientation path lengths. N.B. - Pathlength
measurements for X-orientaion, right-to-left and for Y-orientation bottom-to-top can be
found in the Appendix.
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Comparison of 2-D Versus 3-D Tortuosity
Tortuosity has historically been measured at micrometer and larger scales from 2D electron micrographs and light optical (mm) images by tracing a line across the X- and
Y-planes of an image around clay and organic particles and calculating the ratio of the
length of that tortuous line to a straight line (shortest possible path) across the same
interval (Douglas et al. 2013). Three-dimensional reconstructions of Model and Natural
samples through which short paths can be traced in X-, Y-, and Z-planes were compared
with identical reconstructions through which short paths were restricted to X- and Yplanes thus effectively making direct comparisons of 3-D versus traditional 2-D
tortuosity. Two aspects of tortuosity were compared: (1) pathlength of pore network
short paths and (2) number of cubes that comprise short paths of the pore network. Paths
were traced in both samples in the X-direction from left-to-right and from right-to-left
and in the Y-direction from top-to-bottom and from bottom-to-top. The Z-direction was
insufficiently deep for meaningful analysis, e.g., in comparison with the X and Y
directions.
Pathlengths of Pore Network Short Paths
Model sample, X-orientation. Paths traversing the X-direction left-to-right across
the 3-D Model sample could be constructed through cubes with porosity ranges from 1–
100% to as restricted as 80–100%. Tortuosity was measured as 1.00 for the 1–100%
porosity range and 1.14 for the 80–100% porosity range as can be seen in Figure 17a.
Paths traversing the X-direction for the Model sample analyzed as 2-D representations
could be constructed for the porosity range 1–100% but could not be constructed across
porosity ranges more restricted than 50–100% porosity. Tortuosity was measured as 1.00
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for the 1–100% porosity range and 1.048 for the 50–100% porosity range as can be seen
in Figure 17a. The porosity range of 50–100% is shown for the 3-D Model sample in
Figures 15c and 17a, and for the 2-D Model sample in Figures 15d and 17a.
One-way ANOVAs were used to test for differences between 3-D and 2-D pore
network pathlengths in 10% increments for porosity ranges where paths across both
samples existed. In this instance, the ranges extend from 1–100% porosity to 50–100%
porosity. For example, ANOVA results showed that pathlengths did not differ
significantly between 3-D and 2-D analysis at the porosity range of 50–100%, F (1, 8) =
3.1386, p = 0.1144. ANOVA results for porosity ranges of 1–100%, 10–100%, 20–
100%, 30–100%, 40–100%, and 50–100% can be found in Table 8. I found that if a
pathway can be traversed at all through a comparable 2-D and 3-D sample, the path
lengths for both will be similar.
Table 8
Model Sample X-plane 3-D and 2-D Pathlength ANOVA Results
Difference in 3-D and 2-D Pathlengths within the 1–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.0000
0.4575

MeanOfSq
0.0000
0.0458

F-Value
N/A

P-Value
N/A

Difference in 3-D and 2-D Pathlengths within the 10–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.0000
0.0000

MeanOfSq
0.0000
0.0000

F-Value
N/A

P-Value
N/A

Difference in 3-D and 2-D Pathlengths within the 20–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.5554
5.4181

MeanOfSq
0.5554
0.5418

F-Value
1.0251

P-Value
0.3352
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Table 8 (continued).

Difference in 3-D and 2-D Pathlengths within the 30–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
3.2169
17.1856

MeanOfSq
3.2169
1.7186

F-Value
1.8719

P-Value
0.2012

Difference in 3-D and 2-D Pathlengths within the 40–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
3.7674
11.4191

MeanOfSq
3.7674
1.1419

F-Value
3.2992

P-Value
0.0994

Difference in 3-D and 2-D Pathlengths within the 50–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
8

SumOfSq
7.5535
19.2530

MeanOfSq
7.5535
2.4066

F-Value
3.1386

P-Value
0.1144

For comparison tortuosity measurements for paths traversing the X-direction
right-to-left (mirror to above analysis) are shown for the 3-D model sample in Appendix,
Figure A17a and for the 2-D Model sample in Appendix, Figure A17a.
Model sample, Y-orientation. Paths traversing the Y-direction top-to-bottom
across the 3-D Model sample could be constructed through cubes with porosity ranges
from 1–100% to as restricted as 70–100%. Tortuosity was measured as 1.00 for the 1–
100% porosity range and 1.08 for the 70–100% porosity range as can be seen in Figure
17b. Paths traversing the Y-direction for the Model sample analyzed as 2-D
representations could be constructed for porosity ranges starting at 1–100% but could not
be constructed across porosity ranges more restricted than 60–100% porosity. Tortuosity
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was measured as 1.00 for the 1–100% porosity range and 1.07 for the 60–100% porosity
range as can be seen in Figure 17b.
One-way ANOVAs were used to test for differences between 3-D and 2-D pore
network pathlengths for porosity ranges where paths across both samples existed, in 10%
increments. In this instance, the ranges extend from 1–100% porosity to 60–100%
porosity. For example, ANOVA results showed that pathlengths did not differ
significantly between 3-D and 2-D analysis at the porosity range of 60–100%, F (1, 8) =
1.1084, p = 0.3232. ANOVA results for porosity ranges of 1–100%, 10–100%, 20–
100%, 30–100%, 40–100%, 50–100%, and 60–100% can be found in Table 9. I found
that if a pathway can be traversed at all through a comparable 2-D and 3-D sample, the
path lengths were similar.
For comparison, tortuosity measurements for paths traversing the Y-direction
bottom-to-top (mirror to above analysis) are shown for the 3-D and 2-D Model sample in
Appendix, Figure A17b.

Table 9
Model Sample Y-plane 3-D and 2-D Pathlength ANOVA Results
Difference in 3-D and 2-D Pathlengths within the 1–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.0000
0.0000

MeanOfSq
0.0000
0.0000

F-Value
N/A

P-Value
N/A

Difference in 3-D and 2-D Pathlengths within the 10–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.0000
0.0000

MeanOfSq
0.0000
0.0000

F-Value
N/A

P-Value
N/A
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Table 9 (continued).
Difference in 3-D and 2-D Pathlengths within the 20–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.0000
0.0000

MeanOfSq
0.0000
0.0000

F-Value
N/A

P-Value
N/A

Table 9 (continued).

Difference in 3-D and 2-D Pathlengths within the 30–100% Porosity Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

0.0000
0.0000

0.0000
0.0000

N/A

N/A

Difference in 3-D and 2-D Pathlengths within the 40–100% Porosity Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

0.0000
0.0000

0.0000
0.0000

N/A

N/A

Difference in 3-D and 2-D Pathlengths within the 50–100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.1287
2.0874

MeanOfSq
0.1287
0.2087

F-Value
0.6164

P-Value
0.4506

Natural sample, X-orientation. Paths traversing the X-direction left-to-right
across the 3-D Natural sample could be constructed through cubes with porosity ranges
from 1–100% to as restricted as 40–100%. Tortuosity was measured as 1.01 for the 1–
100% porosity range and 1.13 for the 40–100% porosity range as can be seen in Figure
18a. Paths traversing the X-direction of the Natural sample analyzed as 2-D
representations could be constructed for the porosity range 1–100% but could not be
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constructed across porosity ranges more restricted than 30–100% porosity. Tortuosity
was measured as 1.01 for the 1–100% porosity range and 1.09 for the 30–100% porosity
range as can be seen in Figure 18a. The porosity range of 30–100% is shown for the 3-D
Model sample in Figures 16c and 18a, and for the 2-D Model sample in Figures 16d and
18a. For comparison, the porosity range 30–100% for paths traversing the X-direction
right-to-left is shown for the 3-D Model sample in Appendix, Figure A18a and for the 2D Model sample in Appendix, Figure A18a.
One-way ANOVAs were used to test for differences between 3-D and 2-D pore
network pathlengths for porosity ranges where paths across both samples existed, in 10%
increments. In this instance, the ranges extend from 1–100% porosity to 30–100%
porosity. For example, ANOVA results showed that pathlengths did differ significantly
between 3-D and 2-D analysis at the porosity range of 30–100%, F (1, 10) = 50.9726, p =
0.0000, but did not significantly differ at the range of 1–100% porosity, F (1, 10) =
2.5000, p = 0.1449. ANOVA results for porosity ranges of 1–100%, 10–100%, 20–
100%, 30–100%, 40–100%, and 50–100% can be found in Table 10. I found that
pathlengths with the least restriction on porosity range (1–100%) were similar in 3-D and
2-D matrices but were different for the most restricted range (30–100%).
For comparison tortuosity measurements for paths traversing the X-direction
right-to-left (mirror to above analysis) are shown for the 3-D model sample in Appendix,
Figure A18a and for the 2-D Model sample in Appendix, Figure A18a.
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Table 10
Natural Sample X-plane 3-D and 2-D Pathlength ANOVA Results
Difference in 3-D and 2-D Pathlengths within the 1–100% Porosity Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

0.2288
0.9150

0.2288
0.0915

2.5000

0.1449

Difference in 3-D and 2-D Pathlengths within the 10–100% Porosity Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

0.1287
0.2574

0.1287
0.0257

5.0000

0.0493

Difference in 3-D and 2-D Pathlengths within the 20–100% Porosity Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

9.6651
5.3759

9.6651
0.5376

17.9787

0.0017

Difference in 3-D and 2-D Pathlengths within the 30–100% Porosity Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

53.2010
10.4372

53.2010
1.0437

50.9726

0.0000

Natural sample, Y-orientation. Paths traversing the Y-direction top-to-bottom
across the 3-D Natural sample could be constructed through cubes with porosity ranges
from 1–100% to as restricted as 50–100%. Tortuosity was measured as 1.01 for the 1–
100% porosity range and 1.27 for the 50–100% porosity range as can be seen in Figure
18b. Paths traversing the Y-direction of the Natural sample analyzed as 2-D
representations could be constructed for the porosity range 1–100% but could not be
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constructed across porosity ranges more restricted than 30–100% porosity. Tortuosity
was measured as 1.01 for the 1–100% porosity range and 1.13 for the 30–100% porosity
range as can be seen in Figure 18b. For comparison, the tortuosity measurements for
paths traversing the Y-direction bottom-to-top is shown for the 3-D model sample in
Appendix, Figure A18b and for the 2-D Model sample in Appendix, Figure A18b.
One-way ANOVAs were used to test for differences between 3-D and 2-D pore
network pathlengths for porosity ranges where paths across both samples existed, in 10%
increments. In this instance, the ranges extend from 1–100% porosity to 30–100%
porosity. For example, ANOVA results showed that pathlengths did differ significantly
between 3-D and 2-D analysis at the porosity range of 30–100%, F (1, 10) = 50.9726, p =
0.0000, but did not significantly differ at the range of 1–100% porosity, F (1, 10) =
1.8000, p = 0.2094. ANOVA results for porosity ranges of 1–100%, 10–100%, 20–
100%, 30–100%, 40–100%, and 50–100% can be found in Table 11. I found that
pathlengths with the least restriction on porosity range (1–100%) were similar in 3-D and
2-D matrices but were different for the most restricted range (30–100%).
For comparison tortuosity measurements for paths traversing the Y-direction
bottom-to-top (mirror to above analysis) are shown for the 3-D model sample in
Appendix, Figure A18b, and for the 2-D Model sample in Appendix, Figure A18b.

Table 11
Natural Sample Y-plane 3-D and 2-D Pathlength ANOVA Results
Difference in 3-D and 2-D Pathlengths within the 1-100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
0.1287
0.7149

MeanOfSq
0.1287
0.0715

F-Value
1.8000

P-Value
0.2094
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Table 11 (continued).
Difference in 3-D and 2-D Pathlengths within the 10-100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
2.4163
4.4894

MeanOfSq
2.4163
0.4489

F-Value
5.3822

P-Value
0.0428

Difference in 3-D and 2-D Pathlengths within the 20-100% Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
13.7399
18.3294

MeanOfSq
13.7399
1.8329

F-Value
7.4961

P-Value
0.0209

Difference in 3-D and 2-D Pathlengths within the 30-100% Porosity Range
Source
Between Groups
Within Groups

DF
1
6

SumOfSq
16.4707

MeanOfSq
16.4707

1.3726

0.2288

F-Value
72.0000

P-Value
0.0001

Number of Cubes that Comprise Short Paths of the Pore Networks
One-way ANOVAs were used to test for differences in the number of
subsampling cubes through which flow could be traced for any given porosity range (in
10% increments) between 3-D and 2-D matrices. The flow path network for both 3-D
samples (Model and Natural) consistently contained more subsampling cubes through
which flow could be traced for any given porosity range than the comparable 2-D
samples (Figures 15d and 16d). The difference between 2-D and 3-D samples increases
as the porosity range becomes more restricted until the difference becomes statistically
significant. The number of subsampling cubes comprising short paths in the X-plane leftto-right of the Model sample can be seen in Figure 19, and paths in the Y-plane top-tobottom can be seen in Figure 20. ANOVA results for the difference in subsampling cube
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counts between 3-D and 2-D analysis of the X-plane can be found in Table 12, and for
the Y-plane in Table 13.
The number of subsampling cubes comprising short paths in the Natural sample
can be seen in Figure 21, and paths in the Y-plane top-to-bottom can be seen in
Figure 22. ANOVA results for the difference in subsampling cube counts between 3-D
and 2-D analysis of the X-plane can be found in Table 14, and for the Y-plane in
Table 15.

Figure 19. Model Sample: Comparison of 2-D and 3-D analyses of tortuosity:
Subsampling cubes open to the flow network in the X-plane from left-to-right.

Table 12
Model Sample X-plane 3-D and 2-D Path Counts ANOVA Results
Difference in the number of pathways between 3-D and 2-D within the 1-100%
Porosity Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

2640.3333
7746.6667

MeanOfSq
2640.3333
774.6667

F-Value

P-Value

3.4083

0.0946
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Table 12 (continued).
Difference in the number of pathways between 3-D and 2-D within the 10-100% Porosity
Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

11285.3333
15750.6667

MeanOfSq
11285.3333
1575.0667

F-Value

P-Value

7.1650

0.0232

Difference in the number of pathways between 3-D and 2-D within the 20-100% Porosity
Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

48387.0000
13816.0000

MeanOfSq

F-Value

P-Value

48387.0000
1381.6000

35.0224

0.0001

Difference in the number of pathways between 3-D and 2-D within the 30-100% Porosity
Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

42721.3333
13497.3333

MeanOfSq

F-Value

P-Value

42721.3333
1349.7333

31.6517

0.0002

Difference in the number of pathways between 3-D and 2-D within the 40-100% Porosity
Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

74892.0000
31530.6667

MeanOfSq

F-Value

P-Value

74892.0000
3153.0667

23.7521

0.0006

Difference in the number of pathways between 3-D and 2-D within the 50-100% Porosity
Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

207507.0000
47338.6667

MeanOfSq

F-Value

P-Value

207507.0000
4733.8667

43.8346

0.0001
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Figure 20. Model Sample: Comparison of 2-D and 3-D analyses of tortuosity:
Subsampling cubes open to flow network in the Y-plane from top-to-bottom.

Table 13
Model Sample Y-plane 3-D and 2-D Path Counts ANOVA Results
Difference in the number of pathways between 3-D and 2-D within the 1–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

66305.3333
42501.3333

66305.3333
4250.1333

15.6008

0.0027

Difference in the number of pathways between 3-D and 2-D within the 10–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

69921.3333
4770.3333

69921.3333
4770.3333

14.6575

0.0033

Difference in the number of pathways between 3-D and 2-D within the 20–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

120801.3333
80921.3333

120801.3333
8092.1333

14.9282

0.0031
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Table 13 (continued).

Difference in the number of pathways between 3-D and 2-D within the 30–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

171841.3333
51145.3333

171841.3333
5114.5333

33.5986

0.0002

Difference in the number of pathways between 3-D and 2-D within the 40–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

162867.0000
40760.6667

162867.0000
4076.0667

39.9569

0.0001

Difference in the number of pathways between 3-D and 2-D within the 50–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

101936.3333
22528.6667

101936.3333
2252.8667

45.2474

0.0001

Difference in the number of pathways between 3-D and 2-D within the 60–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

F-Value

P-Value

Between Groups
Within Groups

1
10

77120.3333
5025.3333

77120.3333
502.5333

153.4631

0.0000
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Figure 21. Natural Sample: Comparison of 2-D and 3-D analyses of tortuosity:
Subsampling cubes open to the flow network in the X-plane from left-to-right.

Table 14
Natural Sample X-plane 3-D and 2-D Path Counts ANOVA Results
Difference in the number of pathways between 3-D and 2-D within the 1–100%
Porosity Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

50440.3333
119247.3333

MeanOfSq
50440.3333
11924.7333

F-Value

P-Value

4.2299

0.0668

Difference in the number of pathways between 3-D and 2-D within the 10–100%
Porosity Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
175692.0000
256678.6667

MeanOfSq
175692.0000
25667.8667

F-Value
6.8448

P-Value
0.0258

Difference in the number of pathways between 3-D and 2-D within the 20–100%
Porosity Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

872102.0833
203932.1667

MeanOfSq

F-Value

P-Value

872102.0833
20393.2167

42.7643

0.0001
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Table 14 (continued).
Difference in the number of pathways between 3-D and 2-D within the 30–100%
Porosity Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

5342670.7500
204676.1667

MeanOfSq

F-Value

P-Value

5342670.7500
20467.6167

261.0304

0.0000

Figure 22. Natural Sample: Comparison of 2-D and 3-D analyses of tortuosity:
Subsampling cubes open to flow network in the Y-plane from top-to-bottom.

Table 15
Natural Sample Y-plane 3-D and 2-D Path Counts ANOVA Results
Difference in the number of pathways between 3-D and 2-D within the 1–100% Porosity
Range
Source

DF

SumOfSq

Between Groups
Within Groups

1
10

754507
521335.5000

MeanOfSq

F-Value

P-Value

754506.7500
52133.5500

14.4726

0.0035
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Table 15 (continued).
Difference in the number of pathways between 3-D and 2-D within the 10–100% Porosity
Range
Source

DF

SumOfSq

MeanOfSq

Between Groups
Within Groups

1
10

1645761.3333 1645761.3333
1312069.3333 131206.9333

F-Value

P-Value

12.5432

0.0053

Difference in the number of pathways between 3-D and 2-D within the 20–100% Porosity
Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
MeanOfSq
5047924.0833 5047924.0833
1675666.8333 167566.6833

F-Value
30.1249

P-Value
0.0003

Difference in the number of pathways between 3-D and 2-D within the 30–100% Porosity
Range
Source
Between Groups
Within Groups

DF
1
10

SumOfSq
MeanOfSq
5068700.0833 5068700.0833
535582.8333 53558.2833

F-Value
94.6390

P-Value
0.0000
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CHAPTER IV
DISCUSSION
General Fabric Analysis
Maximum Size of Non-branching Aggregate Segment
Aggregates form from combinations of three types of signatures and have a
diffuse morphology resulting in a porous network of pathways extending down to the
nanometer level. Net charges from surface-to-edge ratios of clay domains are a major
factor determining the porous structure. Apparently the number of signatures that can
stack together face-to-face with no significant void space have a physical limit. The
upper limit on aggregate size devoid of openings larger than 8 nm, i.e., caused by face-toface stacking, correlates well with the high degree of interconnectedness observed in both
Model and Natural samples. One important feature that results from this diffuse physical
structure is an abundance of deep energy wells that have been implicated in the ability of
clay to sequester and hold OM (Curry et al. 2007; Bennett et al. 2012a). Energy wells are
stronger in the interstices of edge-to-face domain signatures than on flat surfaces.
Sampling Scales
Woodcock and Strahler (1987) suggested a way of determining an appropriate
scale for viewing and interpreting an object of interest in satellite images using variance
of some property of interest among the nearest neighbor elements of the photographic
image. Their technique was adapted for use here to discover the appropriate scale used
for viewing clay fabric. The 300 nm sampling cubes were in the appropriate scale for
studying and interpreting porosity and tortuosity of clay nanofabric, thus enhancing the
credibility of this study (Figure 14).
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Transect
Sample size for any study with TEM is very limited, so understanding the
homogeneity of the sample is important for making generalizations or for having
confidence that measurements and interpretations can be generalized beyond the sample
being studied. Fluid flow dynamics and diffusion properties of void networks typically
have a correlation with relative sample homogeneity (or lack thereof), e.g. porosity, due
to the distribution of void sizes and the interconnectedness of the void space (Armatas,
2006). The use of a transect was applied here to determine homogeneity and variability
of porosity across both the Model and Natural samples to determine changes in features
of interest (in this case porosity) across the samples (Ioannidis et al. 1996), thus allowing
generalizations at the scale of interest (10–1000 nm3).
Porosity was measured for 36 images (7 x 7 µm image dimensions) taken as a
transect across the Model sample. ANOVA results showed that there was no significant
difference in porosity across the Model sample (Table 2). The Model sample was created
in a controlled laboratory setting with measured amounts of clay minerals and OM, and a
set consolidation stress that was applied uniaxially and incrementally. This controlled
laboratory setting is a factor effecting the relative homogeneity of the sample. Properties
of natural samples on the other hand are a lot more variable in character.
Porosity was measured for 36 images (10 x 7 µm image dimensions) taken as a
transect across the Natural sample. ANOVA results showed that there was no significant
difference in porosity within the inner or outer portions of the fecal pellet but that there
was a significant difference in the porosity measurements between the inner and outer
portions of the fecal pellet, with lower porosity measurements taken from the images of
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the skin of the pellet (Table 3). Lower porosity measurements for the outer portion of the
pellet in comparison to the inner portion of the pellet suggest a more preferred orientation
of the clay fabric on the outer edge (skin) of the fecal pellet that may have been caused by
the peristaltic action and shear forces of the polychaete worm gut as the fecal pellet was
formed. Having a fabric that has a more preferred orientation (high percent of face-toface particle contacts) on the outer portion of the fecal pellet will aid in protecting OM
from further degradation (O’Brien and Slatt, 1990; Bennett et al. 1991; Curry et al. 2007).
Analysis of Orientation
Determining orientation of recently deposited clay fabric presents an immediate
problem in that single, isolated particles that could be assessed for their position and
orientation in a Cartesian system are obscured by a highly interconnected array of
signatures. These signatures form extensive aggregates which have all orientations
simultaneously. Fecund scientific questions about clay sediment could be addressed by
subsampling the 3-D reconstructed fabric into 300 nm cubes and measuring orientation of
the small aggregate segments occurring in each subsample cube. The collection of
particle and void orientations can be variously used to assess morphology and processes,
e.g., diffusion, restricted to localized areas of the sediment. The primary direction of
fluid flow through sediment, in the case of clays, is determined largely by the
predominant direction of solids which create the network of pore pathways and thus
determine the void orientation.
Model Sample
Orientation of primary solids was expected to determine the pathways that
comprise the void network. The large number of primary voids that span multiple

76
directions (Table 4) precludes the high correlation expected when comparing the general
orientation of solids to voids (Table 4). Small (secondary) solids have less impact in
creating flow paths and would be expected in fabric cul-de-sacs or attached to larger
(primary) solids, possibly by OM. Therefore, as expected, orientation of secondary solids
was almost evenly distributed in X, Y, and Z directions, although the sample had a
modest preferred X-Y orientation based on primary solids (Table 4). Secondary voids
tended to follow the orientation of primary solids, thus indicating that they are created by
the morphology of the primary solids (Table 4).
The number of voids in the largest void class viewed by size range (107 cubic nm)
is more abundant than the number of particles in the comparable particle class when
considering the distribution of particles and voids (Table 5). Particles have a finite size
determined by physical constraints in domain and signature assemblage due to physicochemical processes while void size and geometry are passive properties determined by
the particles (fabric). The presence of a large void class with many voids spanning the
subsample cubes in the X, Y, and Z directions supports what can be seen of the sample
qualitatively which is a loosely aggregated fabric with large, open pore channels
connected by a matrix of smaller pores. Numerous large, interconnected voids allows for
easier fluid flow and particle transport through the sample. For example, mobile particles
up to 70% of subsample cube size can traverse the entire Model sample which is shown
with tortuosity measurements in Figure 17.
Natural Sample
The distribution of primary solids determined the primary void distribution in the
Natural sample, mainly because very few voids spanned multiple directions in the
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subsample cubes. This lack of large voids is in marked contrast to the Model sample
which has higher porosity and a large number of pores that span entire subsampling
cubes. Secondary solids and voids are both highly oriented in the Z-plane (Table 6). An
explanation of primary particle and void orientation in XY and secondary particle and
void orientation in Z may be attributed to the tri-axial stress that the fecal pellet was put
under when inside the gut of the polychaete. This tri-axial stress could have made
orientation of the inner portion of the pellet more random while sheering by the walls of
the gut caused preferential orientation of the particles at the skin of the pellet (Bohlke and
Bennett, 1980).
The Natural sample had smaller voids than the Model sample and more voids per
subsample than the Model sample. This distribution of voids supports what can be seen
of the sample qualitatively which is a densely packed fabric with small, interconnected
pore channels. These small, though interconnected, channels would allow for flow
through the sample but only flow constituents of a small size could travel through the
pore network. No large particles could travel across the entire matrix as shown through
tortuosity measurements in Figure 18.
Both Model and Natural sample void size distributions span more than one order
of magnitude. This large range of void sizes coupled with the irregular geometry of clay
nano- and microscale voids significantly influences the tortuosity and flow rates of pore
networks (Latour et al. 1995; Armatas, 2006).
Analysis of Porosity and Pore Network
Network models are now being used in a variety of fields (e.g., petroleum
engineering and hydrology) for studying flow processes. Vogel and Roth (2001) and Al-
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Raoush and Wilson (2005) write in detail about the importance of flow network
dynamics when studying topics such as relative permeability (Blunt and King, 1991;
Rajaram et al. 1997; Fischer and Celia, 1999), permeability and hydraulic conductivity
(Bryant and Bennett, 1993), drainage and inhibition (Lowry and Miller, 1995), and porescale evaporation processes (Nowicki et al. 1992), to name a few.
Advances in computer and 3-D software technology have allowed for the
development of more accurate pore network models over the last few decades. Local
porosity measurements provide detailed, high resolution 3-D models of fluid flow
dynamics that account for contours of particles (mineral and OM), surface charge
distributions, and local channel size. These measurements are important for studies in
disciplines such as petroleum engineering, geology considering potential petroleum
reservoir potential, (e.g., cap rock position over stratigraphic sequences), and hydrology
because a wide range of flow processes are affected by pore network geometry.
Localized high resolution measurements of porosity made on small, contiguous,
cubical subsamples of a 3-D reconstructed fabric allow assessment of porosity in highly
localized areas which engender geological questions about very small-scale aspects of
sediment fabric. The technique lends itself to questions and technical issues that are both
qualitative (e.g., Figures 9 and 10) and quantitative (specific porosity measures for each
subsample are in Figures 15 and 16).
Porosity measurements for randomly oriented fabric determined from threedimensional images are directly comparable to two-dimensional porosity measurements,
but this is a red herring for understanding fluid flow dynamics. While knowing sample
porosity is important, it does not inform about general void network size, morphology, or
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tortuosity which are all factors that affect microscale sediment processes. For example,
knowing just the sample porosity is insufficient for comprehensive modeling of fluid
flow dynamics; however, data on the orientation, connectivity, and size ranges of pore
networks, which can only be obtained accurately from 3-D visualization and analyses,
provide detail of pore networks that can be applied to network flow models to better
assess flow rates (permeability) and resistance, flow paths, and diffusion rates. The
smaller void spaces of the Natural sample have greater resistance to fluid flow while the
larger void spaces of the Model sample allow for easier flow (less resistance).
Comparing the porosity of serial sets of images in both 2-D and 3-D provided
very close results with 2-D and 3-D porosity only a fraction of a percent different.
Additionally, the bulk porosity measurement taken for the Model sample was within a
few percent of the subsample porosity taken from TEM images which suggests that the
sample preparation techniques successfully preserved the fabric ultrastructure. Bennett
et al. (1977) showed this for a randomly oriented, natural clay fabric sample.
The quantity of OM in the fecal pellet was not measured (due to small sample
size), but TEM image analysis showed that it was substantially higher than the Model
sample with its 1% added OM (chitin). The peristaltic action of the polychaete gut
muscles consolidated and packed the clay and OM and was an additional factor that
increased the density of the fecal pellet, decreasing porosity compared to the Model
sample. The higher OM density and lower porosity of the pellet greatly impedes fluid
flow through the sample, thus reducing the rapid distribution of the enzyme systems that
degrade OM.
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Analysis of 3-D Tortuosity
The presence of solid particles in various arrangements that form porous
sediments causes the flow/diffusion paths of fluids, solutes, etc. to deviate from straight
line paths. Accurate modeling of fluid flow and diffusion dynamics is a necessary
component for understanding (1) the protective nature of clay fabric with respect to OM
degradation and (2) three-dimensional models of clay fabric open a new dimension of
fluid flow dynamics modeling unattainable with 2-D modeling. High resolution 3-D
analyses can be used to model degradation systems ranging from bacteria (with their
enzymes) down to individual enzymes that can traverse through a clay matrix more easily
than previous models indicated.
The model presented here allows the discovery of short paths across a sample in
either the X- or Y-plane (or its reverse) based on the assemblage of highly localized
porosities measured from 300 nm subsampling cubes combined with general orientation
of the single largest void (channel) in each cube. The model includes the ability to
recalculate short pathways based on the selection of any porosity range. Narrow ranges
of porosity eliminate smaller, local channels and allow determination of path lengths that
would accommodate increasingly larger particles traveling through the flow path. A
comparison of the extremes of the two samples studied here will illustrate the point. The
narrowest range porosity through which short pathways could be traced through 3-D
matrices in the X-plane of the Model sample was 80–100% porosity; the narrowest range
for the Natural sample was 40 –100% porosity (Figure 17). The Model sample overall
porosity was 51.8%, and the largest particle that could pass through the fabric by a short
path would be 267 nm diameter (assuming spherical geometry) compared to the Natural
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sample (overall porosity 36.8%) that could accommodate a particle no larger than 189 nm
diameter (assuming spherical geometry) through a comparably short path.
As mentioned in the Results section, the Model sample had a tortuosity of 1.04
through a series of 300 nm cubes with 40–100% porosity, and the Natural sample had a
tortuosity of 1.15 at the 40–100% porosity range (Figures 14 and 15). The Natural
sample most likely has a higher tortuosity rate than the Model sample at the same
porosity range because the Natural sample pore network is less porous and is composed
of many small interconnected channels rather than large interconnected channels that are
found in the Model sample. Pore size distribution, along with overall sample porosity, is
also a reason why the Model sample can be traversed up to the point of restricting flow
paths to cubes of 80–100% porosity yielding a tortuosity of 1.14 when the Natural sample
has no available flow paths across the sample for any narrower ranges than the previously
mentioned 40–100% porosity range.
Comparison of 3-D versus 2-D Tortuosity
Influence of Porosity Range Restrictions
It should be noted that comparisons can only be made between 3-D and 2-D
samples up to the range at which 2-D matrices no longer contain pathways across the
sample, and it is always the case here that 3-D matrices continue to have pathways open
across the sample after the 2-D matrices no longer have pathways due to porosity range
restrictions that require a Z-plane to maneuver. Since the porosity range over which
paths can be traced across a sample for a 2-D analysis that yields possible short paths is
less than the porosity range for a comparable 3-D analysis, the 2-D analysis of short paths
routinely underestimates the interconnectedness of paths. For example, considering the
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Model sample, short paths could be traced through the 3-D construction with paths
through subsampling cubes ranging from 80 to 100% porosity while the comparable 2-D
short paths could only be traced through a range of 50 to 100% porosity. Therefore,
using Stoke’s radii, the 3-D model allowed for particles no larger than 267 nm (diameter)
to pass through the fabric of the sample by a short path (based on the largest diameter
void that could fit in a 300 nm cube that is 80% pore space), while the 2-D model
suggested particles no larger than 211 nm (diameter) could pass through the fabric by a
short path.
Pathlengths of Pore Network Short Paths
The openness of clay fabric when seen in 3-D reconstructions initially suggested
that distances between two points in such a matrix would be less than their comparable 2D counterparts. That turned out to be incorrect as measurements of 2-D photographs and
3-D reconstructions using the same serial photographs showed that short distances
measured for tortuosity were statistically similar except in the case of the most restricted
porosity range of the Natural sample, 30–100% porosity (Tables 8, 9, 10, and 11).
The exception that there is a significant difference in pathlengths between 3-D
and 2-D samples within the narrowest range of porosity (30–100%) for the Natural
sample (X- and Y-orientation) is most likely due to the pore size distribution of the
Natural sample. The Natural sample has a higher percent of small voids than larger voids
with only 15% of pores falling in the largest void size class, in contrast to the Model
sample which has 53% of pores falling in the largest void size class; therefore, the
Natural sample does not have as many large pores that stretch the entire depth of the
sample from the front to the back of the Z-plane, as the Model sample does. The smaller
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interconnected voids are present in 3-D and 2-D images allowing similar pathlengths
when the porosity range is at its least restricted (1–100%); however, when the smaller
pore channels are restricted from the flow paths and only pores in the 30–100% porosity
range are used to calculate pathlengths, the Z-plane provides “shortcuts” necessary for
shorter pathlengths that 2-D imaging cannot provide.
Number of Cubes that Comprise Short Paths of the Pore Networks
Though most measurements of 2-D photographs and 3-D reconstructions using
the same serial photographs showed that short pathways measured for tortuosity were for
the most part statistically similar, what did differ was the range of porosities and the
multiplicity of paths through which short paths could be traced in 3-D (Figures 19, 20,
21, and 22; Tables 12, 13, 14, and 15).
One-way ANOVAs were used to test for differences in the number of
subsampling cubes through which flow could be traced for any given porosity range (in
10% increments) between 3-D and 2-D matrices. As expected, the flow path network for
both 3-D samples (Model and Natural) consistently contained more subsampling cubes
through which flow could be traced for any given porosity range than the comparable 2-D
samples (Figures 15d and 16d). The difference between 2-D and 3-D samples increases
as the porosity range becomes more restricted until the difference becomes statistically
significant. This statistical difference is important because although the tortuosity
measurements were not always found to be significantly different between 3-D and 2-D
analyses, the number of paths through the sample is significantly higher in 3-D analyses,
and 2-D pathway studies lose a significant number of diffusion and flow pathways that
cannot be resolved in two dimensions. The number of pore channels that run through a
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sediment greatly effects the sediment’s characteristics, for example, permeability, fluid
flow dynamics, diffusion, and particulate matter dispersion, to name a few, making 3-D
analysis necessary for the study of many important properties relating to nano- and
microscale clay sediment.
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CHAPTER V
CONCLUSIONS
Three-dimensional reconstructions of marine fine-grained sediment have opened a
new dimension for studying nano- and microscale sediment features important to
improving fluid flow dynamics and OM sequestration modeling. Accurate modeling of
fluid flow dynamics is a necessary component of understanding the protective nature of
clay fabric with respect to OM degradation as OM must initially be trapped in the
depositional phase during early sediment diagenesis prior to becoming an OM-rich shale
over geological time. Theoretical models typically calculate tortuosity using a basic
geometric shape and arrangement, but these calculations cannot take into consideration
the remarkably complex geometry of pore networks that are created by highly
interconnected marine organo-clay fabric. Only a three-dimensional view of the fabric
allows for the depth and rotation necessary to view entire particle arrangements and,
therefore, pore pathways, to determine tortuosity.
Though measurements of 2-D photographs and 3-D reconstructions using the
same serial photographs showed that pathlengths measured for tortuosity were
statistically similar (except for in the most restricted porosity ranges of the low porosity
Natural sample), the range of porosities and the number of pathways through which flow
can pass through the sample are significantly higher in 3-D analyses. The larger number
of pathways found in 3-D analyses is important because it means that measurements
made from 2-D sediment pathway studies are underestimating the number of diffusion
and flow pathways, and their important “pore system” inter-connection from a volumetric
perspective, that comprise nano- and microscale clay sediment.
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Nano- and microscale 3-D reconstructions of clay fabric and pore pathways have
revealed information about previously unknown “depth” (3-D) characteristics (compared
to the 2-D observations) providing essential data on interconnectedness of clay fabric, the
effect of OM on that fabric, its response to imposed stresses, and the pore morphology
and path lengths. The results of this research aid in the understanding of clay fabric
properties that sequester OM during early sediment diagenesis, rendering it unavailable to
enzymes and/or difficult (highly tortuous) for enzyme transport and pore fluid
convection, under very low effective stress conditions (low overburden) and in the
presence of bioturbation. This research has demonstrated that degradation systems
ranging from bacteria with their enzymes down to individual enzymes can traverse a clay
matrix more easily than previous models indicated. Long held questions about clay nanoand microstructure are gradually being elucidated by a multiplicity of techniques and
approaches, as discussed in this text. In addition, this research provides an important
underpinning for future, in-depth, research investigations dealing with fine-grain marine
and terrestrial sediment properties, including but not limited to, permeability, diffusion,
OM and carbon sequestration, and a large number of important aspects of the stressstrain behavior during loading (uniaxial and triaxial), and the mass physical and
mechanical properties of deposits rich in OM and clay minerals.
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APPENDIX
ADDITIONAL ILLUSTRATIONS

Figure A17. Model sample. Comparison of 2-D and 3-D analyses of tortuosity: Path
lengths of pore network. Porosity range over which paths can be discovered narrows
going from left-to-right on the graph. Paths in the 3-D matrix can be found extending
into a narrower porosity range than paths in the 2-D matrix. (A) X-plane path lengths
(right-to-left) (B) Y-plane path lengths (bottom-to-top).
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Figure A18. Natural sample (Fecal Pellet). Comparison of 2-D and 3-D analyses of
tortuosity: Path lengths of flow network. Porosity range over which paths can be
discovered narrows going from left-to-right on the graph. Paths in the 3-D matrix can
be found extending into a narrower porosity range than paths in the 2-D matrix. (A) Xplane path lengths from right-to-left. (B) Y-orientation path lengths from bottom-totop.
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